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Background: As most cystic fibrosis (CF) patients progress to respiratory failure, lung functionality assessment is
pivotal. We previously developed a test that monitors airways measuring the spin-spin relaxation time (Tam) of
water hydrogens present in sputum using Low Field-Nuclear Magnetic resonance (LF-NMR).

Objectives: To investigate further the significance of Tay, exploring: 1) Tap correlation with the effects of chest
physiotherapy (CP); 2) the influence of sputum contamination by saliva on Tamy; 3) Tom relation with sputum
mesh size; 4) Ty, correlation with the effects of the CFTR-modulator Elexa-caftor/Tezacaftor/Ivacaftor (ETI).
Methods: Toym was measured in the sputum of 16 CF-patients before/after CP and in 9/16 patients before/after ETI
administration. FEV;/C reactive protein (CRP)/erythrocyte-sedimentation rate (ESR) and sweat chloride con-
centration were measured using standard techniques. Sputum contamination by saliva/sputum mesh size were
determined mathematically.

Results: We prove that Ty, can be used to detect the lack of significant effects on lung function by CP (confirmed
by FEV;). Moreover, we developed of a mathematical approach to correct Ton value in sputum samples
contaminated by saliva and to determine the relationship between Ty, and sputum mesh size. Finally, we show
that Ty, can effectively detect the positive effects of ETI on lung function (evaluated by FEV;) and that Top,
inversely correlates with the CRP/ESR/chloride sweat concentration.

Conclusion: This data strengthens the rationale for Tor employment in CF lung disease monitoring and show that
Tom can be profitably used to complement the FEV; test.

Introduction progressive lung damage and eventually organ failure, responsible for

95 % of CF deaths.>®

Cystic fibrosis (CF) is a life-limiting autosomal recessive disorder’
caused by defects of the cystic fibrosis transmembrane conductance
regulator” (CFTR). CFTR regulates the chloride/sodium ion concentra-
tion into the mucus produced by epithelial cells. Defective CFTR causes”
an ion imbalance resulting in the osmotic uptake of water with airway
surface dehydration that impairs muco-ciliary clearance favouring
bacterial proliferation and infection.>* These events determine

CFTR modulators improve CFTR functions and in turn clinical con-
ditions.°®  Combinations of modulators’!! such as Elex-
acaftor/Tezacaftor/Ivacaftor (ETI) are typically used. They extend life
expectancy, though monitoring CF lung functions is still required.'?
Currently, the only primary pulmonary endpoint is the forced expiratory
volume in 1 s (FEV;); however, FEV; has limitations.'® In particular,
FEV; is insensitive to early structural changes, is
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effort/age/height/gender/dependent and cannot distinguish mucus
quality.

This article assesses a support method for FEV; based on the use of
low field Nuclear magnetic resonance (LF-NMR). LF-NMR determines
the average spin-spin relaxation time (T5y,) of the water hydrogen atoms
inside patient lung mucus. Ty, depends on both the mucus water con-
tent and the architecture of the mucus polymeric network,*° relevant
for drug delivery via inhalation.'”

We used LF-NMR to monitor lung function in patients undergoing
treatment for a pulmonary exacerbation using chest physiotherapy (CP)
and ETI. We previously demonstrated the relationship between Top, and
the content of pathological substances (DNA, mucins proteins) in CF
sputum.'* We also proved that an inverse correlation exists between Tap,
and the inflammatory biomarkers TNF-a/IL-1$'° in the sputum as well
as between Top, and serum reactive C protein, while there is a direct
correlation with FEV;.'*!® Recently, we proposed the synergic use of
Tom and the rheological characterization of CF sputum to better deter-
mine the effects of therapy.'® While Ty, provides information about
sputum nanostructure, rheology provides insights into the nanostructure
by the measuring the sputum shear modulus (G). Ty, and G measure-
ment allows the determination of important features of the sputum
nanostructure, essential for developing innovative drugs'® and for
monitoring treatment therapies.

Compared to our previous investigations above mentioned, the gap
addressed in this work deals with the study of the: 1) Ty, correlation
with the effects of CP; 2) influence of sputum contamination by saliva on
Tom; 3) Tom relation with sputum mesh size; 4) Top, correlation with the
effects of the CFTR-modulator Elexa-caftor/Tezacaftor/Ivacaftor (ETI).

Methods
Sample collection

The study design employed in this work can be considered longitu-
dinal as we observed the effect over time of CP and ETI administration
on Typy,. Spontaneously expectorated (1-2 ml) sputum samples (16 CF
patients ranging in clinical status) were provided by the Burlo Garofolo
Hospital, following approval by the regional ethics committee (prot
000,543, 17-02-2020, CEUR-2019-Em-408). Written informed consent
was obtained from each patient. Forty-four sputum specimens were
collected before/after each CP session in patients (Table S1.1 in SI 1)
that provided the consent and that were able to expectorate. On average,
we obtained 3 samples per patient. To avoid the contamination of
sputum with food residue, patients were not allowed to eat at least one
hour before sampling. Non-expectorant patients were excluded, as were
subjects < 7 years of age. CP was provided as standard procedure for CF
patients both by using positive expiratory pressure devices (pep-mask -
Pep/Rmt ™ MPM-Italia, Carinaro, CE, Italy- and Acapella - Acapella™
ICUmedical, San Clemente, CA, USA) and standard autogenic drainage
applied to the chest by a physiotherapist as well as effective breathing
exercise. CP was performed for two weeks. FEV; was evaluated before
and 10 min after CP. No inhalation was previously performed. FEV; test
was repeated three times and the best result was considered. FEV; was
performed in a blinded fashion.

Thirteen out 16 patients were treated with ETI and for 9 of them we
could compare the Toy, and FEV; values before/after ETI administration
over 12 months. To evaluate possible correlation between Ty, and FEV,
patients with a large uniform FEV; distribution (from =40 % to 85 %,
see also Table S1.1 and Table S1.2 in SI 1) were selected. These criteria
included most of the patients who attended a clinical visit at Burlo
Garofolo Hospital during our study period (November 2021-November
2022, time interval corresponding to ETI administration). After collec-
tion in sterile cups, sputum samples were immediately used to determine
Tom value. Each measurement was performed 9 times. All lung function
tests performed in this study complied with the latest ERS/ATS 1993
guidelines.
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The magnetic relaxation process of water hydrogen contained in the
sputum was measured as detailed in SI 2. Top determination'®?° was
achieved as detailed in SI 2.1. To,, measurement was performed in a

blinded fashion.
Shear modulus and average mesh size determination from Tap, evaluation

The sputum shear modulus (G) was evaluated as detailed in SI 2.3.
The average mesh size (Eavg) of the polymeric network pervading the
sputum was calculated according to Flory?! and equivalent network”?
theories (SI 2.4).

Statistical analysis

According to the Kolmogorov-Smirnov test (KS-test), the Spearman’s
correlation coefficient (rs;) was considered to verify correlations
amongst parameters. p < 0.05 was considered statistically significant.
Statistical analyses have been performed by means of the GraphPad
InStat software and verified by an in house developed FORTRAN pro-
grams. The Principal Components Analysis has been performed by
developing a proper Mat-Lab code (see SI 4).

Results
Tom and FEV; correlation

Our results confirmed our previous findings.'*'> Here, we found a
significant linear correlation (rsp = 0.35, p < 0.017) between T2, and
FEV; (Figure S3.1 in SI 3 and Figure S4.1 in SI 4).

Effect of CP on Ty, and FEV;

We found a direct correlation (rs, = 0.99) between FEV; before
(FEV11ef) and after (FEV,5) chest-physiotherapy (Figure S3.2a in SI 3),
where FEVper &~ FEVy,5. Although the paired t-test reveals a beneficial
effect of CP (t(21,0.95) < 4.45), the average FEV; increase is negligible
and statistically vanishing (Aggy; = 1.7 £ 1.8). This conclusion is also
supported by the Bland-Altman plot showing a concordance of 95 % for
FEV; before and after CP (see Figure S3.3a in SI. 3). These results are
consistent with the literature in that they show that CP has no significant
effect on FEV;.> Similarly, we found a significant direct correlation (rgp
=0.72,p = 10~ between the relaxation time after (Tom-aft) and before
(Tom-bef) CP (Figure S3.2b in SI 3). In addition, the paired t-test confirms
that CP does not affect Ty, ((21,0.95) > 0.27) and the Bland-Altman
plot reveals a concordance of 95 % for Top, before and after CP
(Figure S3.3b in SI. 3). Given the direct correlation between
Tom-aft/ Tom-bef and FEV1pe/FEVy 46 here observed, and given the corre-
lation To2n,/FEV]; we demonstrated in our previous research, 1% we
expected to see correlations between Tom pef/FEVipef and Tom.aft/FEV1aft.
However, while the latter correlation is demonstrated in our results
(Figure S3.3b in SI 3), the former is not (Figure S3.3a in SI 3). An
explanation to this apparent paradox is reported below and deals with
the contamination of sputum by the saliva which alters Top,.

Tom contamination

An explanation for the lack of correlation between Ty per and
FEV1yef, is offered in a recent study about sputum contamination by
saliva.?* Upon expectoration, mucus coming from the deeper part of the
respiratory tract can mix with saliva, unrelated to lung clinical condi-
tions. Consequently, its Top is anomalously increased, as saliva is
characterized by a high Tap, (= 3000 rnsM). To evaluate the effect of
sputum contamination on Ty, we propose a novel strategy based on a “a
posteriori” decontamination of sputum Tsy. Relying on previous
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evidence,’* we assume that when Ty, exceeds 2000 ms and FEV; is < 60,
data correction for saliva contamination is required. According to this
criterion, three of our samples, (FEV;] — Top: 53-2379 ms; 57-2162 ms;
52-2611 ms produced by patient n°4 before CP), need the a posteriori
de-contamination procedure as detailed in SI 5. Interestingly, substitu-
tion of contaminated Top, by decontaminated ones (FEVi-Top = 53 -
1541 ms; 57 - 1224 ms; 52 - 1804 ms), results in the strengthening of the
Tom — FEV correlation (Fig. 1A) as ry, increases from 0.35 up to 0.43.
Similarly, the decontamination procedure improves the correlation be-
tween the relaxation time Tsy, and FEV; before CP (Tom.pef and FEVipef),
as the Spearman correlation coefficient rg, increases from 0.2 (p =
0.357) to 0.38, (p = 0.08) (Fig. 1B). Finally, decontamination increases
the strength of the correlation between Tom pef and Tom-aft, (Fig. 2) as the
Spearman correlation coefficient increases from 0.73 to 0.81.

Relaxation spectrum and mesh size
Using the theoretical approach presented in SI 2.3 and 2.4, it is
possible to estimate the average mesh size (£avg) of the polymeric

network pervading the samples volume. By converting Ts, into the
shear modulus, we can estimate &,y according to the Flory”! and the
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Fig. 1. (A) decontamination procedure reflects an improvement of the Top, -
FEV, correlation. The Spearman correlation coefficient (rs,) increases from 0.35
(p < 0.017) up to 0.43 (p < 0.0026) when grey dots (contaminated samples) are
replaced by black dots (decontaminated dots). The continuous line indicates the
linear interpolant T, (ms) = (20.0 + 4.8) * FEV; + (-187 + 358). (B)
decontamination procedure improves the correlation between the relaxation
time Ton, and FEV; before CP (FEVipef) as ryp increases from 0.2 (p < 0.357) to
0.38 (p < 0.08) when grey dots (contaminated samples) are replaced by black
dots (decontaminated dots). The continuous line indicates the linear interpolant
Tom-bef (Ms) = (15.2 £ 7.5) * FEViper + (250 £+ 559).
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Fig. 2. The decontamination procedure reflects in an improvement of the Tap,
bef @nd Top ., correlation. The Spearman correlation coefficient (rg,) increases
from 0.73 (p < 0.0034) up to 0.81 (p < 0.0001) when grey dots (contaminated
samples) are replaced by black dots (decontaminated dots). The continuous line
indicates the linear interpolant Topm o (ms) = (0.9 £ 0.14) * Topper + (-22
+ 204).

Schurz®” theories. Notably, the normal values of the mesh size (&) span
from 300 to 600 nm,”® even if the analysis of the data shown in ref*®
reveals that bigger meshes (up to =~ 1000 nm) can exist (SI 5). In
contrast, in pathological conditions, due to mucus dehydration/hyper
concentration, £ can range from tenths of nanometres up to 300 nm.%°
Obviously, the thresholds identifying normal and pathological condi-
tions in terms of mesh size pervading the sputum are mainly qualitative.
Indeed, the polymeric network pervading sputum is characterized by a
distribution of mesh size. Using the theoretical relation shown in SI 2.5,
it is possible to determine the mesh size distribution. This information
affords us a deeper insight into sputum nanostructure, which plays an
important role in situ drug delivery to lungs.?’ Fig. 3 shows the mesh size
distribution referring to two representative samples (patients N7 and 8
of Table S1.1) referring to, respectively, poor (low Ty, and FEV; — thin
line) and relatively good clinical conditions (high Ty, and FEV; — thick
line).

In the first case, the mesh size distribution spans from, roughly, 10
nm up to 400 nm. On the contrary, in the second case, the mesh size
spans from, approximately, 30 nm up to 1500 nm. Although both dis-
tributions show a bimodal behaviour, the first one (poor clinical con-
ditions — thin line) mainly belongs to the pathological mesh size range

6 -
5 F Tom(ms )=2185
E FEV,=104
a L & avg(nm) =262
Ay 3 [T,m(ms)=335
[FEV, = 45
2 E&avg(nm) =57 7%
1 J
0 E T i i L

10 100 1000 10000
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Fig. 3. Mesh size distribution referring to poor (low Ts, and FEV; — thin line)
and relatively good (high To, and FEV; — thick line) clinical conditions. Poor
clinical conditions are associated with a mesh size distribution mainly falling in
the pathological mesh size range (< 300 nm). In the case of the relatively good
clinical conditions (thick line), on the contrary, only 23 % of all the meshes falls
within the pathological region. &, indicates the average mesh size.
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(within 300 nm). In contrast, in the second case (relatively good clinical
conditions - thick line), only 23 % of all the meshes are characterized by
a “pathological mesh size rabge” (small peak - thick line) while the
remaining 77 % (big peak — thick line) are associated with a normal
range. Fig. 3 shows the different clinical conditions which can be
deduced from the LF-NMR characterization of sputum.

ETI effect on T, and FEV;

As shown in Table 1, ETI administration over one year proved to be
beneficial for CF patients as evaluated by the improvement of the sweat
test and of the systemic inflammation markers CRP and erythrocyte
sedimentation rate (ESR), in line with previous observations by other
authors.”® Interestingly, Fig. 4 shows the existence of an (inverse) linear
correlation between Toy, and the sweat chloride concentration (rs, =
—0.47, p = 0.047) (see also Figure S4.2 in SI 4).

To show the usefulness of T, when monitoring CF disease pro-
gression and therapy response, we considered the 9 patients (among
those enrolled in this study) who received ETI since November 2021.
They all carry the F508del (ETI is active only in the case of F508del CFTR
mutation; Table S1.1). While all 9 patients started ETI administration at
the same time, their clinical characterization in terms of FEV; and Taon,
before ETI administration was not uniform. For some patients, clinical
information (Top, FEV;) dated back to six years before ETI administra-
tion while, for others, information dated back only two years. Thus, on
average, previous data referred to a period of 4 years before ETI
administration with a standard deviation of 2 years (4 + 2). Of course,
patients presented a mix of clinical conditions and underwent changing
in medication in the average time period (4 years) before ETI adminis-
tration. As our aim was to verify the effect of ETI administration on
patients with different clinical histories (i.e. “the real world” of CF pa-
tients), we considered, for each patient, the average FEV; and Ty, values
(Tombef; FEV1pefx) using all data at our disposal before ETI adminis-
tration. Similarly, we evaluated the average Ton, and FEV; after ETI
administration (Tomaftk; FEV1afix). Then, we considered the two ratios
Tomaftk/ Tombetk and FEViaax/ FEViperxk and we reported the resulting
values in the relative plane (Fig. 5). The positive effect of ETI is asso-
ciated with values greater than 1 of both ratios as this condition is
connected to a simultaneous increase of both T, and FEV; in turn
related to better lung conditions. Fig. 5 shows that in 89 % of the pa-
tients treated by ETI (black circles), both ratios (Tomaftk/Tombefk and
FEV1ask/ FEVipetk) are greater than one (right-upper sector of Fig. 5),
reflecting the improved lung conditions and the concordance between
Tom/FEV] in evaluating the ETI effect. This evidence is also supported by
the score of the paired t-test that reveals a beneficial effect of ETI
administration on both Ty, (t(8,0.95) < 2.93) and FEV; (#(8,0.95) <

Table 1

Patient’s clinical markers before (b) and after (a) one-year ETI administration.
Sweat test (Cl concentration), C reactive protein (CRP) and erythrocyte sedi-
mentation rate (ESR) have been considered for 9 of the 16 patients reported in
Table S1.1. The evaluation of these clinical markers have been performed by the
IRCCS Burlo Garofolo diagnostic laboratory following common methodologies.
Patients 1 and 13 were not considered as we do not have Ty, and FEV; data
before ETI administration.

Patient identification number according to Table S1.1

2 3 4 5 7 8 9 11 12
Sweat chloride (mM)

100b 90b 70 b 80 b 130b  110b  120b 120b  90b
80 a 60 a 47 b 65 a 55a 64 a 57 b 57 a 40 a
CRP- (mg/1))

2.3b 45b 145b 41D 0.6 b 9.7b 282b 1.4b 1b
33a 29a 4.5a 1.3a 0.8a 1.8a 0.8a 0.3a 1.2a
ESR (mm/h)

37b 17 b 66 b 31b 38b 55b 70 b 55b 9b
34a 7.6 a 34a 23.5a 24 a 30 a 15a 27 a 10a
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Fig. 4. Existence of an inverse linear correlation (rs, = —0.47, p = 0.047) be-
tween Ts,, and the sweat chloride concentration ([Cl'](mM)) (open circles)
referring to Table S1.3 patients. The linear correlation (solid line) reads:
Tom(ms) = (=11.9 + 5.3)*[CI'](mM) + (2282 + 441).

3.03). In one case only, the effect of ETI seems negligible as both ratios
are smaller than 1 (even if close to 1). However, again, the agreement
between Ty, and FEV; was found in the evaluation of the ETI effect
(both ratios are smaller than 1). In the case of control patients (n°14, 15
and 16; Table S1.1; white circles in Fig. 5), who were not treated with
ETI as they do not have the F508del, the two ratios are not too far from 1,
indicating that the lung conditions remained stable.

Discussion

We propose the use of LF-NMR to monitor lung condition following
therapy through the analysis of CF sputum.”*>° We observed a direct
correlation between the sputum Toy, and FEV; (Figure 3.1, rp = 0.35, p
< 0.017). Indeed, low FEV; corresponds to a reduced respiratory effi-
ciency, usually linked to a thick, viscous and dehydrated lung mucus. In
these conditions, a great amount of solid content is present inside
sputum, resulting in Ton/FEV) reduction.'* To gain insight into the
Tom-FEV; correlation following therapy, we studied the effect of CP. We
found that FEV; is not affected by CP as its value before (FEV pef) and
after (FEV1a.) CP is almost the same (Figure S3.2a). This is consistent
with the evidence in literature®>>%?® 3! with only one case, to the best
of our knowledge, reporting FEV; improvement following CP.*? How-
ever, CP is beneficial only when performed as recommended.®? Unsuc-
cessful CP occurs when mucus detachment is not optimal and thus FEV;
is not significantly affected®*>

We observed the tendency for Topm.as to be lower than Tom pef
(Figure S3.2b). This suggests that CP favours the mobilization of deep
mucus (rich in solids and characterized by lower Tsy,) whose volume is
however not sufficient to modify the dynamic lung volumes and
consequently FEV;. However, this is not a stringent rule as the effect of
CP depends on the nature of the mucus. Previously,27 we found that Top,
increased following CP but, in that case, samples were characterized by a
much shorter relaxation time Top per (560 + 420) ms), suggestive of a
completely different mucus compared to the samples in this paper
(Tom-vef (1313 + 785)). While there are various possible reasons for this
difference, in such cases the mucus could have been contaminated by
saliva. A key indicator of possible contamination takes place when the
same patient has low FEV; and high Tsy,. Interestingly, once Toy, values
(Fig. 1, cases in grey) were corrected according to our decontamination
approach (SI 4), we found a stronger correlation between Ts, and FEV;
occurs as Tgp increases from 0.35 to 0.43 (Fig. 1A). Moreover, after Toy,
decontamination, the correlation between Tom per and FEV1_per was also
strengthened as ryp increased from 0.2 (p = 0.357) to 0.38 (p = 0.08).
The fact that we did not achieve a statistically significant correlation is
probably related to the limited number of measurements. Though saliva
may not be the only reason for the lack of correlation between Tom pef
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Fig. 5. Comparison between the T, and FEV; values evaluated before (Taombefx; FEVipetk) and after (Tomafix; FEViafik) one year of ETI administration. Black circles
indicate the 9 patients who have received ETI since November 2021, while white circles refer to three control patients who did not receive ETI (N.14, 15 and 16 of
Table S1.1). A positive effect of ETI corresponds to the right-upper sector where the ratios Tamat-g11/T2mbet.1 and FEV1 46511/ FEViper.prr are greater than 1, meaning
an increase of both Ty, and FEV;. Vertical and horizontal bars indicate standard deviation.

and FEV1 pef, the decontamination procedure considerably improves the
Tom-bef/ T2m-aft correlation (Fig. 2) as seen by the increase of ryp from 0.72
to 0.81. We conclude that while FEV; depends on the amount of mucus
present in the lung, Toy,, depends on sputum characteristics (sputum
nano-architecture and the solids content). Thus, FEV; and Ty, can be
considered complementary techniques for the evaluation of lung func-
tion. For example, a patient with low T, value and high FEV; is
indicative of a condition where a thick mucus is present in the lung but
the volume occupied by the pathologic mucus does not significantly
reduce the dynamic lung volumes and consequently FEV;. This condi-
tion could foretell possible imminent worsening of clinical conditions
that the solely FEV; measurement cannot predict. Notably, low Ty, and
high FEV; is not a rare condition in our patients as indicated in
Figure S3.1. The opposite condition, i.e. high To,, and low FEV; indicates
the possible sputum contamination by saliva (Table S1.3).

Following the approach shown in SI 2, we evaluated the mesh size
distribution of sputum samples referring to patients with good (thick
solid line; FEV; = 104; T, = 2185 ms) or poor (thin solid line; FEV1 =
45; Tom = 335 ms) clinical conditions (FEV1/Tap). In the light of the
clear differences between the two distributions, with the mesh size
distribution referring to the poor clinical conditions (FEV1/Tsp,) collo-
cated on the small mesh side (left part of Fig. 3), we believe that this way
of showing the outcomes of the LF-NMR characterization is very clear. In
addition, the two mesh size distributions fall very close to the range of
patients”® and healthy subjects,2 supporting the reliability of our
approach.

To further underline the potential of the LF-NMR, we focused our
attention on a longitudinal study analyzing the effect of ETI on 9 of the
patients considered. The data collected before CFTR modulator therapy,
was compared with data collected for one year, following ETI admin-
istration.>® Our results show the therapeutic efficiency of ETI (Table 1),
as shown by the reduction in the systemic inflammation markers CRP
and ESR and in the sweat chloride concentration. Notably, here we
prove the existence of an inverse linear correlation between Top, and
chloride concentration in the sweat (Fig. 4). As CF sweat modification is
connected to the alteration observed in the sputum, our data further
validates the potency of Ty as a measure for monitoring CF patients.
Finally, the therapeutic efficiency of ETI is shown by the Ty, /FEV; in-
crease, which depends on the improvement of CFTR function favoring
secretions mobilization.*® As the improvement of FEV; (see the hori-
zontal axis in Fig. 5) was, in general, more evident than that of Top

-
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(vertical axis in Fig. 5), we conclude that ETI mainly reduced the amount
of mucus rather than its solid content.

The small number of CF patient considered (16) as well as the
number of patients treated by ETI (9) represent a limitation of our study;
thus, confirmation of the presented findings is necessary in a larger
cohort of patients. A second limitation depends on the fact that the
patients considered represent a mix of clinical conditions that under-
went treatment modification over time and thus cannot be considered
very homogeneous. Despite this, the CF population considered reflects
the real world” of CF patients”.

Conclusion

By calculating Ton,, we could follow the effect of CP, ETI and we
could determine the sputum nanostructure not otherwise obtainable
using traditional methods or FEV; analysis. Indeed, FEV; is essentially
affected by the amount of mucus inside lungs more than by its nano-
structure. Thus, the combined use of Ty, and FEV; allows a deeper
understanding of patient lung conditions.
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