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COVID-19 symptoms are reduced
by targeted hydration of the nose,
larynx and trachea

Carolin Elizabeth George!™, Gerhard Scheuch?™*, Ulf Seifart?, Leeberk Raja Inbaraj?,
Sindhulina Chandrasingh?, Indu K. Nair!, Anthony J. Hickey*, Michael R. Barer®,

Eve Fletcher’, Rachel D. Field®, Jonathan Salzman’, Nathan Moelis?, Dennis Ausiello® &
David A. Edwards”%*¢

Dehydration of the upper airways increases risks of respiratory diseases from COVID-19 to asthma
and COPD. We find in human volunteer studies involving 464 human subjects in Germany, the US, and
India that respiratory droplet generation increases by up to 4 orders of magnitude in dehydration-
associated states of advanced age (n=357), elevated BMI-age (n=148), strenuous exercise (n=20) and
SARS-CoV-2 infection (n=87), and falls with hydration of the nose, larynx and trachea by calcium-rich
hypertonic salts. We also find in a protocol of exercise-induced airway dehydration that hydration of
the airways by calcium-rich salts increases oxygenation relative to a non-treatment control (P <0.05).
In a random control study of COVID-19 positive subjects (n = 40), thrice-a-day delivery of the calcium-
rich hypertonic salts (active) suppressed respiratory droplet generation by 51%+11% and increased
oxygen saturation over three days of treatment by 48.08% +9.61% (P <0.001), while no changes were
observed in the nasal-saline control group. Self-reported symptoms significantly declined in the active
group and did not decline in the control group. Hydration of the upper airways appears promising as a
non-drug approach for reducing risks of respiratory diseases such as COVID-19.

COVID-19 continues to have a devastating impact on human health!, economic development? and wellbeing®*.
While the rapid and effective development of vaccines® and drugs® have reduced the burden of COVID-19 in
many high and middle income regions, lack of access to or practical delivery of pharmaceutical solutions in low-
income countries has created a growing gap in health, education, and economic prospects between the most and
least wealthy people on the planet’. Dirty air and poor access to healthcare already threaten the lives of billions
of people in low-income regions of the world?, where respiratory disease is the leading cause of death®. There
is therefore an urgent need for practical, implementable and effective scientific solutions to minimize risks of
respiratory disease such as COVID-19 among the least fortunate.

Getting moisture to the upper airways may be such a solution®!2.

Whole-body dehydration frequently accompanies COVID-19'? and is a potential common underlying factor
in phenotypical states such as advanced age'® and high BMI'* associated with heightened risk of disease. Chronic
sub-optimal systemic hydration appears to promote the presence of angiotensin converting enzyme 2 (ACE2)
receptors in the lung, and increase capillary leakage of airway lining fluid'®>, among other systemic biochemical
consequences that increase risks of COVID-19'%%,

Systemic dehydration also depletes water in those upper airway regions of the lungs responsible for hydrat-
ing inhaled air'¢, notably the nose, trachea and main bronchi, where ACE2 receptors have been found to be of
particularly high density'’. The lungs emit approximately 25% of daily total water mass loss in the process of
hydrating inhaled air'®. This loss derives from a combination of water evaporation from upper-airway mucus
on inspiration, and from exhalation of moist air from the lungs on expiration'®.
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Figure 1. Artist renderings of the upper airways under normal and dehydrated conditions. (A) The human
glottis during open (inhalation) and closed (exhalation) normal tidal breathing; (B) Airflow, droplet generation
and turbulent eddies in the human larynx on normal inhalation; (C) Airflow, droplet generation and turbulent
eddies on speech (phonation with exhalation).

Alternating low and high humidity in the upper airways during tidal breathing creates a cyclical pattern of
dehydration and rehydration that, when accompanied by systemic dehydration or the chronic breathing of dry
air, can promote extreme thinning of upper airway lining fluid"!, reduce cilia beat frequency'®, and damage
epithelial cells". These and other effects?® of airway dehydration reduce the ability of the upper airways to clear
inhaled contaminants filtered out of the air by the upper airways®! and harm natural function to protect the
gas exchange regions of the lungs. Chronic dehydration of the upper airways therefore exacerbates allergies®,
asthma?, COPD!! and airborne infections including influenza®* and COVID-19%.

Upper airway dehydration further alters the dynamics of the glottis®, the triangular-shaped narrow passage
within the larynx bounded by the vocal folds (Fig. 1A). Responsible for sound generation, vocal folds are multi-
layer tissues coated by mucus and epithelial cell layers”” that vibrate at around 100 Hz when exposed to pressures
that exceed a threshold phonation pressure?® and to a degree shaped by viscoelastic properties that are highly
water-dependent®. The glottis aperture fluctuates at around 1 Hz during normal tidal breathing, expanding on
inhalation and contracting on exhalation®® by one to three-fold*!. Dehydration of the glottis reduces flexibility
of the vocal folds*, and can reduce glottal aperture and air flow as a consequence of reduced glottal pressure
associated with diminished turbulent two-phase (droplet in air) mixing®>**.

Within the small aperture of the glottis, air flow conditions on normal breathing are characterized by tem-
poral-spatial variations of laminar, transitional and fully turbulent conditions, with mean Reynolds numbers in
the range of 1200-2400 and peak Reynolds numbers at the high shear region of the laryngeal jet of air that forms
within the glottis of around 8000%. Recirculating eddies grow in size within the trachea on normal inhalation (air
flow in the range of 15L/min to 30 L/min) from the larynx to the carina after which they rapidly dissipate®, gen-
erating surface waves and droplet breakup when Reynolds numbers exceed approximately 5000%’. The laryngeal
jet of air consequently drives upper airway respiratory droplet generation on inhalation®, and on exhalation®
with phonation (Fig. 1B).

Droplets generated in the upper airways on inhalation travel toward the periphery of the lungs, depositing
throughout the airways as a function of droplet size. Reversing direction on exhalation, the smallest droplets
originating in the upper airways exit the airways while mixing with droplets generated in the lung periphery by
the temporary closing off of the small airways (Fig. 1C), a phenomenon augmented by residual volume (maximal
inhalation and exhalation) breathing®, as with strenuous physical exercise.

The breathing of dry air has recently been observed to amplify upper-airway respiratory droplet generation*!
on normal tidal breathing. Hydration of the upper airways by the breathing of humid air, the wearing of a face
mask, or the direct delivery of isotonic or hypertonic saline droplets targeted to the posterior of the nose, larynx
and trachea*? with mean droplet sizes around 8-12 pm reduces respiratory droplet generation to similar degrees
and durations*. Beyond the consequences of hydration on glottal aperture and laryngeal-jet features—hydration
of the larynx increases glottal aperture and reduces phonation threshold pressure®, the fluid mechanical basis of
laryngeal hydration protocols for singers**—hydration alters respiratory droplet formation by volume expansion
of the airway lining fluid. Volume expansion lowers surface active material concentration in airway lining fluid,
altering mucus surface elasticity (propensity of the airway lining mucus surface to breakup), a phenomenon
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that has been observed in human* and in vitro* studies. The topical administration of divalent salts, notably
calcium and magnesium chloride, further stabilizes mucus surfaces for prolonged periods of time*' by charge-
association with anionic surfactants and mucin molecules*® proximate to the air-water interface. Hydration of
the upper airways by the delivery of hypertonic divalent salts therefore reduces respiratory droplet generation
in the upper airways to 4-6 h*"*’~* relative to a suppression of exhaled respiratory droplets of 60 to 90 min on
the breathing of humid air or the delivery of normal saline droplets*.

We hypothesized that daily targeting of hypertonic divalent cation salt solutions to the upper airways would
be an effective non-drug strategy to reduce health risks of COVID-19 by: (a) hydrating the upper airways in
the early stages of SARS-CoV-2 infection to improve upper-airway clearance and; (b) reducing respiratory
droplet generation and promoting oxygenation otherwise diminished by dehydration of the larynx. We studied
respiratory droplet generation and oxygenation in a range of phenotypical states, including those characterized
by whole-body dehydration, and following upper airway hydration. We then examined the treatment effects of
upper airway hydration in moderately symptomatic COVID-19 patients in a randomized control clinical study.
Our findings are reported here.

Results

Exhaled aerosol variation in states of whole-body dehydration. To assess natural variations in
respiratory droplet generation among healthy human subjects, we measured exhaled aerosol in 357 volunteers
in Marburg, Germany at 20-25 C and 20-40% relative humidity. Exhaled aerosol numbers with normal tidal
breathing (Fig. 2A) ranged from below detection limit (1-2 particles per liter of air) to over 1000 thousand
particles per liter of air. Exhaled aerosol droplets were predominately submicron (see Supplemental Material).
No significant difference in exhaled aerosol or size distribution was observed between male (145) and female
(212) subjects (P>0.05) or between (self-identified) smoker (62) and non-smoker (195) subjects (P >0.05) (Sup-
plemental Material). Exhaled aerosol numbers did increase significantly (P =0.0002) with age (n=357) (Fig. 2B)
and trended higher (P=0.057) with BMI (n=157) (Fig. 2C). Exhaled aerosol numbers significantly correlated
(P=0.0031) with advanced BMI-age (Fig. 2D) (n=157).

We also measured exhaled aerosol in 87 mildly symptomatic COVID-19 positive patients admitted into
Bangalore Baptist Hospital between December 2020 and June 2021 as shown in Fig. 2E. Exhaled aerosol num-
bers grew by 323% (P =0.0031) among the 87 subjects (Fig. 2F) from the first cases in December-March to the
last in early June 2021 as the delta variant (B.1.617) spread from first detection in India in late 2020 to over
60% of all cases in late May 2021°°. Mean exhaled aerosol droplet numbers for the infected subjects (Fig. 2E)
were significantly more numerous (mean 6,300 £ 1,792 particles per liter) than with the non-infected subjects
(Fig. 2A) (mean 214 +31.3 particles per liter). No significant differences were observed in submicron size frac-
tion between male (93.4% + 6.8%) and female (92.2% + 6.6%) subjects. Mean exhaled aerosol among those with
normal C-Reactive Protein (CRP) levels (less than 10 mg/L) was not significantly different (P =0.362) than mean
exhaled aerosol of those with elevated CRP levels (greater than 10 mg/L). We identified SARS-CoV-2 RNA in
several exhaled breath samples as further described in the Supplemental Material.

Exhaled aerosol reduction by hydrating dry airways with calcium-rich hypertonicsalts. Given
the recent finding that topical airway dehydration amplifies exhaled aerosol*!, and delivery of calcium-rich
hypertonic saline to the upper airways diminishes exhaled aerosol for several hours*"*"-*, we sought to explore
the interrelated roles of systemic and topical (calcium-enriched hypertonic saline) hydration on exhaled aerosol
during normal tidal breathing in a randomized two-armed interventional study of exercise-induced dehydration
in 20 young (22-45 years of age), low-BMI human volunteers in Boston, Massachusetts.

Healthy volunteers (17 males, 3 females, no smokers) participated in a coordinated workout that involved
weight training and other physical exercises over 60 min within an air-conditioned gymnasium at 20-25 C
and 50-70% relative humidity with all exhaled aerosol measurements performed once subjects had recovered
normal tidal breathing. Water loss among the participants ranged from 0.1% to 0.9% of total body mass over
the course of the 60 min. At 30 min into the workout half of the subjects were randomly selected to receive by
nasal inhalation a calcium-rich hypertonic salt solution (4.99% calcium chloride and 0.01% sodium chloride
by weight) with mean droplet diameter around 10 um (approximately 20% of the droplets smaller than 7 um)
targeting the nose, trachea, and main bronchi (see Supplemental Material). Exhaled aerosol numbers (Fig. 3A)
increased significantly for all subjects (P =0.002) following 30 min of exercise from mean values of 58.8+17.1
particles per liter of air (n=21) to 220.6 +97.5 particles per liter of air (n=19). With the continuation of exercise
to 60 min for the control group mean exhaled aerosol trended higher (855 +995 particles per liter of air) while
without significance relative to the exhaled aerosol levels at 30 min (P =0.204). For the active group at 60 min
(30 min post-delivery of the calcium-rich hypertonic salts) exhaled aerosol significantly diminished (P =0.045)
with mean exhaled aerosol of 151.9+ 113.2 particles per liter of air (Fig. 3C). Exhaled aerosol generally increased
with weight loss for all subjects during the first 30 min of exercise (Fig. 3D, left). Over the subsequent 30 min
of exercise (up to 60 min from start of exercise) exhaled aerosol increased dramatically for two of the control
subjects (Fig. 3D, right), while correlation between total body mass loss and exhaled aerosol disappeared—for
all subjects who received no topical hydration between 0 and 60 min exhaled aerosol increase relative to baseline
above the median weight loss of 0.24% (688.3% +448.9%) was not significant (P =0.33) relative to exhaled aerosol
increase below the median weight loss (exhaled 225.4% +97.7%).

To further explore the interrelationship between systemic and topic hydration, we preliminarily evaluated
pulse oxygen saturation pressure in a subset of the human volunteer subjects. Mean oxygen saturation fell
significantly (P <0.05) for all subjects (n=6) from 98.7% +0.9% prior to exercise to 96.7% +0.5% at 30 min
of exercise. Mean oxygen saturation for the control group (n=3) reached 96.5% +0.8% at 60 min post the
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Figure 2. Exhaled aerosol particle numbers among healthy and infected human subjects in Germany and
India following normal tidal breathing. (A) Exhaled aerosol particle numbers for 357 healthy human subjects
in Marburg Germany. (B) Exhaled aerosol particle numbers versus age, with median =50 years. (C) Exhaled
aerosol particle numbers versus BMI, with median=28. (D) Exhaled aerosol particle numbers versus BMI-age,
with median=1481.22. (E) Exhaled aerosol particle numbers from 87 mildly symptomatic COVID-19 subjects.
(F) Mean exhaled aerosol numbers for the 87 COVID-19 patients as a function of time period of infection and
recruitment. Error bars represent standard errors of the mean. *P <0.05, **P <0.005, ***P <0.0005.

commencement of exercise, an insignificant change relative to levels at 30 min while significantly below the
pre-exercise levels (P =0.01). For those subjects (n=3) who received the laryngeal-targeted calcium-rich salts at
30 min post exercise, oxygen saturation rose significantly (P <0.05) for two of the three subjects and remained
unchanged (P> 0.05) for the third, a trend previously reported on exercise-induced dehydration following sys-
temic hydration*'; mean oxygen saturation for the group was 97.1% +0.5% at 60 min post the commencement
of exercise.

Random control COVID-19 treatment study with calcium-rich hypertonic salts. Given these
findings, and the dehydration that accompanies COVID-19'%, we evaluated the effect of upper airway hydration
on respiratory response to COVID-19 infection. We studied daily administration (thrice a day for three days) of
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Figure 3. Exhaled aerosol particle numbers from healthy human subjects in an exercise-induced dehydration
study. Shown are (A) all subjects before and after 30 min of exercise; (B) all non-treatment control subjects
before, during and after 60 min of exercise; (C) all active subjects before and after administration at 30 min of
exercise of upper-airway salts; (D) all subjects as a function of dehydration weight loss over the course of the
exercise-induced dehydration study after 30 min (left) and all control subjects after 60 min (right). Error bars
represent standard errors of the mean.

calcium-rich hypertonic salts to the upper airways on exhaled aerosol, oxygen saturation, and disease symptoms
in a randomized double-blinded nasal-saline control study of 40 moderately symptomatic COVID-19 patients
admitted into Bangalore Baptist Hospital during the period May-June when the delta variant predominated
infections in India®®. Most of the COVID-19-positive subjects in the two arms of the study entered the hospital
with fever, cough, body pain and loss of smell or taste sensation (Table 1), and mean initial self-reported symp-
tom scores of 3.15+0.17 (no statistical difference in symptom scores was observed between the two groups,
P=0.599). Three of the subjects in the active group were escalated to intensive care prior to completing the three
days of treatment and were therefore excluded from the post-treatment results. See Table 1.

Administration of the active reduced exhaled aerosol in all subjects (Fig. 4A) 30 min post administration,
and for all but one subject for the duration of the assessment (up to 2 h post administration). Administration
of the Simply Saline control (Fig. 4B) did not change overall exhaled aerosol for the group (P=0.122), while
some subjects did exhale fewer respiratory droplets post administration of the nasal saline control, suggesting
the possibility that some patients in the control arm of the study may have experienced an active effect of the
nasal saline on aerosol generation in the trachea given prone positions in hospital beds and post-nasal drip, a
possibility further discussed in the Supplemental Material.

Oxygen saturation levels began at similar levels for the active and control groups at the start of the study
(Fig. 4B). Over the course of the three days of administration, oxygen saturation rose significantly (P =5.981e—07)
in the active group and did not change (P =0.533) in the Simply Saline control group (Fig. 4B). Daily reduction
of self-reported symptom scores was observed in the active group from Day 2 with 86% of all subjects discharged
without symptoms while 0% of the control group ended their stay in the hospital without symptoms (Fig. 4D).
Among the subjects of each group who entered the trial with elevated CRP levels (CRP > 10 mg/mL), intra-
venous antibiotics or steroids were needed in only 25% of the active group (n=38) versus 63.64% of the saline
control group (n=11) (Fig. 4C). CRP levels fell from day 1 to day 3 in 75% of the active group and in 52.6% of
the control group (Table 1).

We further monitored exhaled aerosol, symptoms scores and oxygen saturation levels for 10 of the 37 non-
treated subjects over the course of their hospitalization as reported in the Supplemental Material. Oxygen satu-
ration levels and treatment scores remained unchanged from admission to release from the hospital (see Sup-
plemental Material).
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Table 1. Patient assessment data for the 40 COVID-19 positive human subjects in the randomized control
study of daily nasal and upper airway administration of calcium-rich salts (FEND) at Bangalore Baptist
Hospital. See Supplemental Material for X-Ray and exhaled aerosol data.
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Figure 4. Drug intervention and COVID-19 symptom measures following administration of FEND or the
Simply Saline control. (A) Exhaled aerosol particle numbers from 39 mildly symptomatic COVID-19 subjects
following administration of hypertonic calcium-rich salts targeting the upper airways (active—FEND), and 39
mildly symptomatic COVID-19 subjects following administration of nasal saline spray (Simply Saline—control);
(B) Oxygen saturation levels as a function of days of administration of FEND (left, n=17)) and Simply Saline
(right, n=20) control; (C) % intravenous antibiotic or steroid intervention required among those subjects with
high inflammation in the FEND cohort (9 of 20 subjects) and in the Simply Saline cohort (9 of 19 subjects);

(D) Self-reported symptom scores (on scale 1 to 5, with 1 =no symptoms, and 5=most severe symptoms) as

a function of days of hospitalization and administration over the first three days of FEND (right) and Simply
Saline control (left). Error bars represent standard errors of the mean. **P <0.0025, ***P <0.0001.

Discussion

Poor hydration has myriad adverse effects on the human body’s ability to resist infection and appears to be a
common underlying factor in phenotypical states at high risk of COVID-19'2*°. Our findings across study sites
in the US, Germany and India appear to be the first to specifically implicate laryngeal and tracheal dehydration
as a factor in the susceptibility to and worsening of symptoms in COVID-19.

Consistent with a recent report’!, we found that exhaled aerosol is highest in the elderly (Fig. 2B), the obese
(Fig. 2C,D), and those infected by SARS-CoV-2 (Fig. 2E), relative to young and healthy (low BMI, non-infected)
human subjects. We also find that exhaled aerosol is amplified in young and healthy human subjects following
exercise-induced whole-body dehydration—reaching levels (Fig. 3A,B) otherwise observed in the non-infected
elderly and obese human subjects (Fig. 2B,C). Topical hydration of young and healthy (exercise-induced dehy-
drated) subjects with salt droplets sized (over 80% of the droplets larger than 7 um) to mostly deposit above
the carina diminishes exhaled aerosol to normal low levels even while the subjects remain in a whole-body
dehydrated state (Fig. 3C). These findings are consistent with recent findings*! that healthy human subjects on
moving from a dry air environment to a humid environment exhaled significantly fewer respiratory droplets.
The central and lower airways being insensitive to the humidity of the environment, our results suggest that the
breathing of humid air reduces dehydration of the upper airways, providing upper airway hydration similar to
what we observe following hypertonic salt delivery in our exercise-induced dehydration study (Fig. 3C). Indeed,
in previous work*! we find that delivery of isotonic saline or hypertonic saline with 8-12 pym mean-diameter
salt droplets diminishes exhaled aerosol to levels equivalent to the breathing of humid air—consistent with what
we observe in the present study.

Laryngeal respiratory droplet generation appears to be driven by the fact that on normal inhalation air pass-
ing through the larynx accelerates in the vicinity of the glottis (Fig. 1B) to attain turbulent flow conditions (Re
up to 8000) at the center of a laryngeal jet of air that exits the glottis and enters the trachea’*. This jet of air

Scientific Reports |

(2022) 12:4599 | https://doi.org/10.1038/s41598-022-08609-y nature portfolio



www.nature.com/scientificreports/

shears airway surface water lining the glottis, trachea and main bronchi closest to the carina threatening surface
instability when Reynolds numbers exceed around 5000*%. When the airway lining fluid is depleted either by
the breathing of dry air or by systemic dehydration, its volume diminishes, salt concentrations increase, and
surfactant concentration on mucus airway lining fluid increases. Enhanced surfactant concentration on airway
lining fluid destabilizes surfaces and promotes droplet breakup***%. On the other hand, delivery of hypertonic
salt droplets to the trachea and main bronchi increases water content both by the delivery of water mass and
the hypertonicity of the water delivered. Our recent work*"*-3 indicates that when the salts are divalent they
prolong the stabilization effect of the mucus surface for 4-6 h relative to 1-2 h on the breathing of humid air or
the delivery of sodium chloride salt to the same anatomical regions.

Analysis of respiratory droplet composition has revealed the presence of lung surfactant and the absence of
mucin, implicating the smaller airways as a more probable site of generation than the upper airways®2. However,
mucus exists in the upper airways as a hydrogel®. Evaporating hydrogels naturally develop a thin film of water
over free air surfaces in the process of seeking equilibrium with moisture in the air®. In the first few minutes
of evaporation, hydrogels therefore tend to evaporate at a rate that is indistinguishable from water itself—while
with the thin water film disappearing, evaporation rate precipitously declines®. In the upper airways, evaporation
occurs from mucus surfaces on inhalation, hydrating inhaled air, while on exhalation highly humid air from the
central and lower airways passes over upper airway mucus surfaces. The ability of the lungs to properly hydrate
inhaled air prior to the penetration of air into the central and lower airways is contingent on the lungs releasing
to the external environment approximately 1/2 L of water per day'. With the preponderance of airway lining
fluid volume existing in the small airways and alveolar region of the lungs'é, movement of airway lining fluid
from the lower to the upper airways is essential in the form of condensate from the fully saturated air exhaled out
of the lungs, as well as deposition of respiratory droplets generated in the small airways (Fig. 1C). While further
research is needed to clarify the nature of the phenomenon, conceivably the combination of water film over the
surface of upper airway mucus, transfer of airway lining fluid from the lower airways to the upper airways on
exhalation, and unlikelihood of hydrogel (mucin) molecules aerosolizing under the shear forces that otherwise
easily breakup water surfaces, contribute to respiratory droplets, wherever they form in the airways, tending to
be of similar composition.

Small airway respiratory droplet generation also occurs*®*2, In our study we find particularly that when
subjects deeply exhale and inhale, often referred to as residual volume breathing, exhaled aerosol numbers
are much higher than on normal tidal breathing (see Supplemental Material), and as these numbers are not
appreciably diminished by upper airway delivery of hypertonic salts (Supplemental Material), these residual-
volume-breathing respiratory droplets appear to originate largely in the smaller airways. Within the airways
there then appears to be a traffic of respiratory droplets from the upper airways to the lower airways, and from
the lower airways to the upper airways, this traffic predominating in one direction or the other depending on
many factors that should be further explored, including the degree of air volume expired, the rate of air flow,
and the health and hydration state of the individual. We particularly find in the present study that the respira-
tory droplet generation in and movement from upper to lower airways is detrimental to lower respiratory tract
disease, and notably to COVID-19.

We observed a growth in exhaled respiratory droplets of 323% among the 87 patient volunteers (Fig. 1B)
from December 2020 to June 2021 as the delta variant grew from a small minority of cases to greater than 60%
of sequenced infections®. Differences in average age and disease severity of patients in our study (Table 1)
were insignificant between December 2020 and June 2021, as were environmental factors including relative
humidity and air quality, suggesting that increase in proportion of delta variant infections may be a cause of
the amplification of respiratory droplet generation over the duration of our study and a factor in the increased
contagiousness of the delta variant of SARS-CoV-2. In general, we find that respiratory droplet numbers are
higher in those infected by SARS-CoV-2 (Fig. 2E) than non-infected individuals (Fig. 2A), consistent with our
previous report®. Causes of this growth in exhaled aerosol with the advance of the delta variant infections may
be multiple, including variances in upper airway dehydration and variances in surface activity—respiratory
droplet generation having been shown to increase with the addition of surfactant to airway lining mucus*, which
increases propensity of airway lining mucus to break up*.

Our observations of reduced symptoms and need for intravenous antibiotic and steroid intervention with
laryngeal and tracheal hydration suggest that upper-airway respiratory droplet generation may contribute to the
worsening of symptoms of COVID-19 owing to progression of the virus deeper into the lungs by the breakup
of airway lining fluid in the upper airways where SARS-CoV-2 infection generally begins. This hypothesis is
at least consistent with the preponderance of data pointing to the role of respiratory droplets in the airborne
transmission of COVID-19>"%. Diminution of respiratory droplet generation, and hydration of the glottis, by the
delivery of upper airway hypertonic salts therefore reduces symptoms and improves oxygenation, both of which
may contribute to a diminished need for intravenous drug intervention in those patients with high inflammation.

The impact of upper airway hydration on oxygenation needs further study. We find that oxygen saturation
increases in moderately symptomatic COVID-19 patients over three days of daily administration of calcium-
rich hypertonic salts (Fig. 4C), as well as during exercise-induced dehydration, although the latter conclusion
is based on a small data set and will need to be validated by further study. Possibly glottal aperture, known to
increase with increasing glottal hydration®>*, diminishes in COVID-19 and with exercise-induced dehydration.
In processes of physical exercise and progression of COVID-19, upper airway dehydration may add to the effects
of elevated release of oxygen by hemoglobin (in states of exercise) and impairment of oxygen absorption in the
gas exchange regions of the lungs (in symptomatic disease), thus contributing to low oxygen saturation at least
prior to when the latter may play a predominant role. Further research is obviously needed.

Mechanistically, future research should explore the impact of laryngeal hydration by (monovalent, divalent,
isotonic and hypertonic) salts in laryngeal models as well as on oxygenation and respiratory droplet generation
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Figure 5. Flowchart of multisite human volunteer study.

in the elderly, the obese, diabetics, athletes and those with an airborne infection. Clinically, confirmation of the
principal findings of our study in asymptomatic and symptomatic COVID-19 patients should be pursued in larger
patient cohorts with particular attention to accurately quantifying viral RNA in exhaled breath.

We believe the growing global respiratory health crisis makes it especially important to explore prophylactic,
therapeutic and anti-contagion benefits of regular daily upper airway hygiene or hydration in populations at
high risk of respiratory disease and in low-income environments where they are otherwise without access to
proper hygiene (wearing of clean face masks, social distancing, and other modes of hygienic living including
hand-washing), drugs and vaccination.

Divalent cation hypertonic salt delivery to the nose, larynx and trachea appears to be promising as a simple,
safe, non-drug, daily hygiene strategy for upper airway hydration and facilitating natural clearance of inhaled
contaminants, including SARS-CoV-2. A non-pathogen specific hygienic approach for respiratory disease could
be an inexpensive and easily-adopted approach to supporting global respiratory health in the light of the ongoing
pandemic and the worsening of air quality associated with climate change.

Methods

All human studies (Fig. 5) at our three study sites (Bangalore, Marburg, Boston) were conducted in accordance
with relevant regulations, and in accordance with the Declaration of Helsinki. Exclusion criteria included at
all three sites included: human volunteers younger than 18 years or older than 70; negative (for Germany and
US) or positive (India) nasopharyngeal swab for SARS-Cov-2 (RT-PCR) (within 1 week); subjects with chronic
debilitating illness like cancer, immune deficiency etc.; and notably in at Bangalore Baptist Hospital severely ill
subjects, subjects with mental illness/psychiatric medications, and subjects unable to complete 3 full days of
treatment with active intervention or placebo.

Germany study site: exhaled aerosol study recruitment and enrollment. We recruited 357
healthy human subject volunteers at the Klinik Sonnenblick, Marburg from January to March 2021. Of these
there were 212 male and 145 female, 65 smokers and 292 non-smokers, ages 18-83, and BMI 17 to 43 (see Sup-
plemental Material). We obtained IRB approval for the study from the Ethics Committee at the University Mar-
burg. All participants provided written informed consent prior to enrollment. Age, weight, height, and smoking
status was documented for all of the subjects and lung health parameters documented for a subset of 157 subjects
(see Supplemental Material). Subjects exhaled aerosol at normal tidal breathing and their exhaled aerosol parti-
cle numbers were assessed as further described below.

India study site: COVID-19 patient study recruitment and enrollment. We recruited 87 human
subject volunteers ages 16-57 among mildly symptomatic COVID-19 patients at Bangalore Baptist Hospital
(BBH) during a phase of the Indian pandemic (December to June 2021) over which sequenced BBH infections
of the delta (B.1.617.2) coronavirus variant increased from a small minority of cases to greater than 60% of
Indian infections*’. Participants were screened for SARS CoV-2 infection by polymerase chain reaction (PCR)
before enrollment. We obtained IRB approval for the study from the Ethics Committee at Bangalore Baptist
Hospital. All participants provided written informed consent prior to enrollment. We assessed symptoms of all
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87 participants immediately after enrollment by analysis of blood markers of inflammation (CRP, D-Dimer),
lung X-Ray, pulse oximetry, temperature and self-reported symptoms (fever, cough, diarrhea, loss of taste/smell,
breathing difficulty, body pain). Exhaled particles of all participants were measured by the particle detector
method described below, and 40 were randomly assigned to two treatment cohorts (Table 1) with a block ran-
domization design in which patients, clinical and research staff were all blinded to the use of the active or the
control. We used a sequentially numbered, opaque, sealed envelope (SNOSE) technique in which the randomi-
zation group is written on a paper kept in an opaque sealed envelope, which is labeled serially. For each person
recruited, the numbered envelope corresponding to that person’s recruitment number is opened to see the allot-
ment category. An active (FEND) cohort of 20 subjects received by nasal inhalation a calcium-rich hypertonic
salt solution (4.72% CaCl,, 0.31% NaCl) via a hand-held, vibrating-mesh nebulizer (see Supplemental Material)
and with a median volume droplet diameter of 8-12 um designed to target the nose, trachea and main bronchi.
A (Simply Saline) control cohort of 20 subjects received by nasal spray an isotonic saline (0.9% sodium chloride)
with droplets sized to deposit in the nose of approximately 50 pm mean diameter. All participants received the
active or the control three times a day over the first three days following the start of the study. Patients were
blinded to whether they received the active or the control. We evaluated exhaled aerosol of all active and control
patients before and after salt administration for one to two hours post-delivery. We monitored all patients each
day for oxygen saturation levels, body temperature, IV antibiotic and steroid treatment (where needed), and self-
reported symptoms on a scale of 1-5 (increasing in scale from no symptoms to the most severe symptoms). We
used face-mask sampling to detect and quantify exhaled SARS-CoV-2 as further described in the Supplemental
Material. We measured C-Reactive Protein (CRP) and D-Dimer in blood samples of all participants at the com-
mencement of the study to assess inflammation and need for intravenous antibiotics. On the first day and each
subsequent day we measured oxygen saturation by pulse oximetry. All participants in the India study received
oral antibiotics (azithromycin) and were treated for fever with paracetamol. We responded to persistent fever or
bad cough not relieved by symptomatic management by administering intravenous antibiotics. We administered
steroid in response to persistent distressing symptoms, falling oxygen saturation (below 95%) or increased CRP
or D Dimer. Failure to maintain adequate oxygen saturation levels or reduce distressing symptoms resulted in
escalation to intensive care. We excluded results from the randomized control study of all subjects who escalated
to intensive care before completing the three days of FEND or Simply Saline administration. We also excluded
from the study those patients who required supplemental oxygen prior to admission or during the first three
days post admission (blood oxygen saturation below 95%).

US study site: exercise-induced dehydration study recruitment and enrollment. We recruited
at the R3VIVE Fitness in Boston Massachusetts 20 healthy human subject volunteers, 13 male and 7 female,
no smokers, ages 22-37, and BMI 22 to 33 (see Supplemental Material). Participants were randomly assigned
to treatment and non-treatment groups by choosing between blank envelopes in which their identity as Active
or Control was identified. Each participant exercised in two phases of 30 min each. After the first 30 min par-
ticipants exhaled aerosol was measured a second time. Those participants in the active group received by nasal
inhalation the calcium-rich hypertonic salt solution via a second hand-held, mechanical-pump spray and with a
median volume droplet diameter of 8-12 pm (Supplemental Material). At the end of the 60 min of exercise the
exhaled aerosol of all participants was assessed a final time. Body weight was measured for all of the subjects
at multiple intervals without change of clothing. Body weight was measured using a using an InBody H20N
Smart Full Body Composition Analyzer Scale with an accuracy of 0.2 Ibs. Oxygen saturation was measured for
several of the subjects at the t=0, 30 min and 60 min, and several of the subjects also exhaled aerosol at t=0
with a residual volume breathing maneuver. Pulse oxygen saturation pressure was measured using a Massimo
pulse oximeter (Mighty Sat). We obtained an exemption from IRB approval from E&I Review. All participants
provided written informed consent prior to enrollment. Six subjects repeated maneuvers on two separate days,
and 4 subjects were excluded from the study on one of the two days of the study either for having consumed
water during the study or starting a breathing maneuver without allowing time to recover normal tidal breath-
ing—forced (residual-volume) breathing leading to an amplification of respiratory droplet generation as further
discussed in the Supplemental Material.

Exhaled aerosol assessment. We measured exhaled particles in two independent ways in our three stud-
ies in the US, Germany and India. In the US and India studies we used a Non-Dried Droplet Counter Method—
which has the advantage of assessing the actual droplet sizes as exhaled while the disadvantage of exhaled droplet
size depending on atmospheric conditions. Exhaled particles were measured before and after administration of
the active or the control by a particle detector (Climet 450-t) designed to count airborne particles in the size range
of 0.3 um to greater than 5 um. The particle detector air port was attached by a flexible plastic tube to the side
(by a T connector) of a 1” inner diameter tube into which subjects inhaled and exhaled. The 1” tube connected
at one end a mouthpiece provided with standard nebulizer tubing and at the other end a portable HEPA filter.
The entire tubing system facilitated the filtration of all environmental particles from the lungs of subjects over a
period of about one minute of breathing with subjects’ lips tightly sealed around the mouthpiece and pinching
their noses. The rate of flow of the particle counter (50 L/min) was near the typical peak inspiratory/expiratory
rate of flow of human subject breathing such that the direction of air flow remained into the particle counter.
Each standard nebulizer tubing and mouthpiece were removed from sealed packaging before each subject prior
to the subject’s first exhaled particle detection. On subsequent counting procedures, the same mouthpiece, tub-
ing and HEPA filter were reattached by the participant to insure the absence of contamination from one subject
to the next. Before each test, the mouthpiece was replaced by a stopper and the particle detector was turned on to
verify the absence of leakage of particles from the environment. Background of less than 10 particles per liter of
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air was deemed “well sealed”. With the mouthpiece placed back onto the tubing, subjects performed normal tidal
breathing through the mouthpiece while plugging their noses with their fingers over 1 to 2 min—beginning with
two deep breaths to empty their lungs of environmental particles. Over this time frame particle counts per liter
of air pulled from the exhaled breath into the particle counter diminished and subsequently fluctuated around
a baseline number. Given the assurance of no leakage from the outside environment, the tight lip seal and the
pinched nose, we assumed this baseline number to equate to the particles generated within the subject’s airways.
Once the lower plateau of particle counts was reached subjects continued to breathe normally for the determina-
tion of exhaled aerosol particle number. Participants sat opposite to the study administrator with a plexiglass
barrier in between. The Climet 450-t particle counter reports particle counts as a function of aerodynamic par-
ticle size ranges for particles larger than 0.3 um, particles larger than 0.5 pm, particles larger than 1 pum, and
all particles larger than 5 um. The numbers reported represent average values of particle counts automatically
measured by the light-scattering detector over six seconds. For our determination of exhaled aerosol particle
number we averaged three to eight average particle counts (each integrating a six second interval) as reported
by the particle detector to determine the mean exhaled particle count and the standard deviation. In the Ger-
man studies we used a Dried Droplet Counter Method. This approach has the advantage of controlling humidity
variability in the drying of exhaled droplets by shrinking exhaled droplets in the process of counting—while it
is an underestimate of the actual droplet sizes exhaled. Exhaled particles are counted and sized in a similar way
as in the Non-Dried Method, while involving drying of exhaled droplets and assessment of droplets as small as
150 nm. The Dried Droplet Counter method involved an aerosol spectrometer (Resp-Aer-Meter, Palas GmbH,
Karlsruhe, Germany), specifically designed to detect airborne exhaled particles in the size range of 0.15-5.0 um
with very high sizing resolution (16 channels/decade). The optical sensor utilized a polychromatic light source
to create a well-defined optical measurement volume, with every particle traveling through the measured vol-
ume generating a scattered light pulse. The size and quantity of particles were determined from the number and
intensity of the scattered light pulses. Given the lower flow-rate through the system relative to the US and India
measurement system (for the German system the flow rate was 9.5 L/min), the instrument comprised a heated
hose section upstream of the measurement cell to avoid condensation effects and enable evaporation of larger
droplets. The temperature and relative humidity in the sampled air was measured. Exhaled breath from subjects
was collected as with the Non-Dried Droplet Counter by a t-adapter with HEPA filter, mouthpiece and connec-
tion port to the Resp-Aer-Meter via a hose. Again, to ensure effective hygiene, each sampling kit was removed
from sterile packaging before each exhalation maneuver was initiated. Patients and healthy controls performed
quiet tidal breathing through the mouthpiece while the nose was closed via a nose clip. The measurement last-
ing 1-1.5 min to determine the quantity of particles emitted from the lungs. The results of the test were directly
displayed as a graphical curve (Fig. 1C), enabling calculation of the mean exhaled particle count per liter, particle
size distribution, and mean particle size (in pm).

Airway hydration delivery. We delivered the hypertonic calcium-rich salts to the upper airways with two
different hand-held aerosol generators in our US and India studies. Both (see Supplemental Material) yielded
salt mist droplets with a median diameter in the 8-12 pm range. Each delivered per 4 s actuation approximately
25 mg of hypertonic salt solution. Two deep nasal inhalations of approximately 4 s constituted an administration
with each of the aerosol generators.

Statistical analysis. All error bars represent 95% confidence intervals based on standard deviation val-
ues. Significance of differences in individual and collective aerosol numbers were determined by twin-tailed T
Test. We calculated statistical significance of differences using a multiway analysis of variance (ANOVA) test
for each set of variables. This allowed for evaluating the influence of multiple factors on the mean within a 95%
confidence interval. P-values were calculated for each unique set of variables compared to baseline values. Each
P-value below 0.05 was considered to be statistically different.
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