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Abstract

Background SARS-CoV-2 infection frequently involves the respiratory system and may impact on pulmonary func-
tion tests (PFT) of recovered individuals. Studies which compare post-COVID-19 PFT to pre-illness measurements are
scarce. The primary objective of this study was to assess the effect of COVID-19 on PFT soon after infection.

Methods In this prospective observational study, PFT were measured early following recovery from COVID-19
among healthy military aircrew. Spirometry values were compared to pre-COVID-19 measurements, and abnormality
rates of lung volumes and diffusion capacity for carbon monoxide (DLCO) were assessed.

Results The study included 252 aviators, 97.6% males, mean age 34.9-years, following recovery from SARS-CoV-2
infection. Participants manifested mild symptoms (79.4%) or were asymptomatic (20.6%). Post-COVID-19 spirometry
results 10.79+5.67 days following infection were compared to measurements performed 41.3 +28.59 months earlier.
Pre- and post-COVID-19 results were comparable, with similar minimal abnormalities rates (2% and 4.4%, respectively).
In addition, there were no restrictive abnormalities following infection, and just 7.7% of individuals had a marginally
low DLCO of 70-80% of predicted.

Conclusion Among vaccinated, healthy adults, mild COVID-19 had no significant impact on PFT early post-infection.
The data suggest that systematic PFT testing might not be necessary for asymptomatic healthy individuals who
recovered from mild COVID-19.
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Background

COVID-19 illness caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) can range from
asymptomatic infection to critical disease and a fatal out-
come [1, 2]. The disease mainly affects the lungs and the
respiratory tract, sometimes leading to viral pneumonia
and respiratory failure [2, 3]. Subjects who recover from
COVID-19, especially from critical or severe disease,
may remain symptomatic and suffer from abnormal lung
functions for a prolonged time period [4-7].

Several studies have demonstrated that low pulmonary
functions post-COVID-19, as well as radiographic abnor-
malities, tend to improve over time [5, 8, 9]. However,
data comparing post-COVID-19 physiological meas-
urements to pre-infection values is scarce. In particu-
lar, there is almost no data that assesses the changes in
pulmonary function tests (PFT) resulting from SARS-
CoV-2 infection among previously healthy individuals
since PFT are usually not performed in such popula-
tions. While it has been recommended to measure PFT
following severe COVID-19, it is unknown if such test-
ing is required routinely in every case [10—-12]. Moreover,
in addition to sex and age, lung functions are impacted
by lifestyle and comorbidities [13], all of which should be
taken into account when trying to assess the sole effect of
COVID-19.

Aeromedical standards require intact cardiopulmo-
nary functions to cope with the physiological strains
associated with aviation [14]. Many aeromedical authori-
ties, including the Israeli Air Force (IAF), require PFT
measurements as part of routine medical “fitness-to-fly”
assessments. In addition, the IAF Aeromedical Center
(AMC) mandated PFT as part of the medical evalua-
tion to return to flying duties following COVID-19. This
allowed us the unique opportunity to compare early post-
COVID-19 PFT with pre-COVID-19 measurements
among previously healthy military aircrew.

Methods

Study design and participants

This is a prospective observational study aimed to com-
pare PFT in participants before, and after SARS-CoV-2
infection. Results are reported according to the STROBE
statement.

Study participants included all active aircrew in the
IAF who recovered from SARS-CoV-2 infection between
December 1st, 2021, and February 28th, 2022. The diag-
nosis of SARS-CoV-2 infection was ascertained by either
a positive real-time reverse-transcriptase polymerase
chain reaction (RT-PCR) or a positive COVID-19 lat-
eral flow assay from nasopharyngeal swabs. Testing for
SARS-CoV-2 infection was performed in either sympto-
matic aircrew or post-exposure.
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All TAF aircrew undergo annual routine health checkup
in the AMC, which include examination by a flight sur-
geon, ophthalmology, ear, nose, throat (ENT), and car-
diopulmonary assessment. Spirometry is performed at
five years intervals, or earlier if clinically indicated. Avia-
tors with missing pre-COVID-19 spirometry data were
excluded.

National vaccination with the BNT162b2 (Pfizer/
BioNTech) mRNA vaccine began in December 2020, and
included a 2-dose schedule administered 21 days apart.
A third vaccine dose (booster) was available and recom-
mended from July 2021, for subjects who had received
the previous vaccination dose at least 6-months earlier.

Back-to-flight protocol

COVID-19 recovered aviators underwent a systematic
routine medical protocol which included a flight surgeon
assessment and ancillary tests to determine their compe-
tence to return to operational flight duties. The protocol
is categorized into two parts, a limited version required
by all aircrew and an extended version required by avia-
tors of high-performance aircrafts (jet fighters) who
intend to return to flying duties less than 30-days after
diagnosis, or according to the flight surgeon’s discretion.
In addition to a clinical assessment to validate resolution
of significant symptoms, chest X-rays and spirometry
were performed by all aviators (“limited protocol”). The
“extended protocol” also included measurements of lung
volumes and diffusion capacity and a reduced oxygen
breathing device (ROBD) assessment.

All pulmonary function tests (PFT) were performed
and interpreted according to ATS/ERS guidelines [13].
Spirometry tests were performed in the IAF AMC, both
before COVID-19, as part of routine aeromedical assess-
ments, and after recovery from COVID-19. Lung vol-
ume measurements by plethysmography and diffusion
capacity for carbon monoxide were measured at the PFT
laboratory of the Pulmonary Institute of “Chaim Sheba”
Medical Center, a large tertiary medical center in Central
Israel.

ROBD assessment

ROBD is routinely performed in the AMC as part of
physiological training to familiarize aircrew with hypoxia
symptoms [15]. This assessment was performed using
Environics ROBD (Tolland, CT, USA). Subjects were
exposed to gradually worsening hypoxic gas mixtures
while continuously monitored by pulse oximetry (Palm-
SAT 2500, Nonin, Plymouth, MN, USA). Subjects per-
formed a simulated flight task while sequentially exposed
to 2-min intervals of 11.5%, 10.5%, 9.5%, and 7.5% oxygen
mixtures and then provided with 100% oxygen through
an aircrew mask. The tests were terminated early if the
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Fig. 1 Study design timeline. All subjects were assessed after SARS-CoV-2 infection using the “back-to-flight” protocols. Symptoms were recorded
for the time of illness and re-assessed during the post-illness assessments. Results of spirometry performed as part of routine monitoring of military

aviators were retrospectively retrieved from medical records

subjects reported intolerable symptoms or when oxygen
saturation dropped to <50%. The tests were also consid-
ered positive (“abnormal result”) if saturation dropped
to <60% in less than 10 s following hypoxic exposure or
if saturation failed to improve to>99% within 50 s after
providing 100% oxygen.

Variables and outcomes

Past clinical and PFT data (before contracting SARS-
CoV-2) were extracted from the participants’ medical
records. Post-infection data was collected prospectively
as part of the AMC “back-to-flight” protocol. The day of
the first positive swab for SARS-CoV-2 served as day 0 of
illness for the study.

COVID-19-related variables included signs and symp-
toms, medications, diagnostic testing, and results of
ancillary tests. COVID-19 severity was ranked accord-
ing to National Institute of Health (NIH) guidelines as
asymptomatic, mild, moderate (with clinical or radio-
graphic evidence of lower respiratory tract disease and
oxygen saturation > 94% while breathing room air), severe
(saturation <94%, respiratory rate>30/min, infiltrates
over 50% of lungs volume, or PaO,/FiO, ratio <300), and
critical (individuals who have respiratory failure requir-
ing invasive or non-invasive ventilation, septic shock, or
with multiorgan dysfunction) [16].

PFT variables included: forced vital capacity (FVC),
forced expiratory volume in 1 s (FEV1), FEV1/FVC ratio,
total lung capacity (TLC), residual volume (RV), diffusion
capacity for carbon monoxide (DLCO). Measured values
were compared to the Global Lung Function Initiative
(GLI) reference equations to define the percent of pre-
dicted values (%pred) [17-19].

The primary outcome was a change in spirometry vari-
ables between pre- and post-COVID-19 measurements
(FEV1, FVC, and FEV1/FVC ratio). Additional outcomes
included post-COVID-19 lung volumes and DLCO

measurements, and ROBD results (see Fig. 1 for study
timeline flowchart).

We assessed PFT abnormalities rates by two methods,
one based on %pred and second based on lower limits
of normal (LLN). By %pred, PFT values below 80%pred
were considered abnormal, an FEV1/FVC ratio<0.7 was
considered indicative of an obstructive pattern, while a
TLC<80%pred was used to diagnose a restrictive pat-
tern. By LLN criteria, we considered values below the
LLN as abnormal.

Sample size calculation

We calculated that to achieve a power of 80% with an
alpha error rate of 5%, and assuming that 5% of cases
have abnormal FVC%pred post-COVID-19 [5], a sample
size of 152 subjects will be required [5].

Statistical analysis
Descriptive statistics are expressed as means with stand-
ard deviations or as absolute counts complemented by
proportions. A comparative analysis of the variables,
investigating the alterations before and after the onset
of the SARS-CoV-2 infection, was conducted. For con-
tinuous variables, we utilized paired t-tests, whereas for
categorical variables, we applied either the Fisher’s exact
test or the chi-square test. To assess the change between
paired categorical variables, we used McNemar’s test.
Data were analyzed with SPSS Version 25 (IBM Cor-
poration, Armonk, NY, USA). A two-tailed p-value <0.05
was considered statistically significant in all tests.

Ethical considerations

This study was approved by the Helsinki Committee and
Institutional Review Board of the IDF Medical Corps
(application no. 2155-2020). Informed consent was not
required by the Board since all medical evaluations were
performed as part of routine management and de-identi-
fied data were collected.
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Fig. 2 Flowchart of study participants. A total of 280 military aviators contracted SARS-CoV-2 infection during the study period. Twenty-eight were
excluded due to missing pre-infection spirometry results. All 252 participants underwent post-COVID-19 spirometry (“limited protocol”), while 104
underwent the “extended” back-to-flight protocol which also included lung volumes and DLCO measurements as well as ROBD testing

Results

A total of 280 aviators were diagnosed with SARS-CoV-2
infection during the study period. Twenty-eight aviators
were excluded since pre-COVID-19 spirometry was not
available (Fig. 2). From the remaining 252 aviators, the
vast majority were males (1 =246, 97.6%), mean age was
34.9+9.89 years (range 20 to 63). Over half were high-
performance aviators (136, 53.9%) (Table 1). Aircrew who
underwent the “extended back-to-flight” protocol were
on average younger than those who only required limited
testing (p =0.025).

Two aviators (0.7%) were re-infected after a previous
episode of SARS-CoV-2 infection. All participants have
received three doses of the Pfizer-BioNTech mRNA vac-
cine (BNT162b2), except for the 2-reinfected subjects
who received 2 doses.

Most subjects reported mild COVID-19 (n=200,
79.4%), and the rest were asymptomatic (n=>52, 20.6%).
Eighty subjects (31.7%) were able to state symptoms
duration and reported an average duration of 2.21 +1.42
days. The complete profile of symptoms is presented in
Fig. 3. The most frequent symptoms were runny nose

Table 1 Baseline Characteristics at the time of post-COVID-19 medical evaluation

All cohort (n=252) Extended protocol Limited Protocol p-value*
(n=104) (n=148)

Age, years, mean +SD 349+9.7 33.6+9.1 364+10.2 0.025
Heart rate, bpm, mean +SD 639+11.1 63.6+11.8 64.1+103 0.728
Systolic BR, mmHg, mean+SD 121.3+123 1199+12.1 1229+124 0.063
Diastolic BR, mmHg, mean +SD 744+8 736+79 752+8.2 0.132
0O, saturation, %, mean +SD 984+0.7 984+0.7 985+0.7 0373
Male gender, n (%) 246 (97.6%) 133 (97.8%) 113 (97.4%) 1
History of prior SARS-CoV-2 infection, n (%) 2(0.8%) 2(1.5%) 0 0.5
Time from infection to evaluation, 11.30+6.66 11.22+5.36 11.35+98 0.9403
days, mean+SD
Time since pre-infection spirometry, 44+31.13 41.34+32.03 41.81+£29.84 0.181

months, mean=+SD

BP Blood pressure

* p-value for comparison between subjects who underwent the extended protocol vs. those who underwent the limited protocol
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Fig. 3 COVID-19 Symptoms. Symptoms were recorded at the first assessment after an aviator was diagnosed with SARS-CoV-2 infection. Fifty-two

of 252 were asymptomatic (20.6%), while the rest had mild disease

(109, 43.3%), cough (104, 41.2%), and fever (77, 30.6%).
None of the participants required specific COVID-19
therapy, and none were hospitalized for COVID-19.

The post-COVID-19 medical evaluation and “back-to-
fly” protocol were performed an average of 10.79 +5.67
days after diagnosis (range 5-42 days). During this exam-
ination, 32 aviators (11.4%) were still symptomatic and
reported cough (3.8%), runny nose (2.9%), loss of smell or
taste (1.4%), or sore throat (1.1%).

Pulmonary function tests results

Post-SARS-CoV-2 infection spirometry was performed
for all participating aircrew, while lung volumes and dif-
fusion capacity were measured for 104 (“extended proto-
col”). The average time between pre- and post-infection
spirometry was 41.3 +28.59 months. Spirometry results,
including absolute values and %pred of FEV1, FVC
as well as FEV1/FVC ratios, were comparable for the
pre- and post-SARS-CoV-2 infections measurements
(Table 2).

The proportions of subjects with abnormal spirom-
etry values according to the %pred criteria (< 80%pred)
were low (2-4.4%) and also of similar magnitude
between pre- and post-COVID-19 tests. According to
those an FEV1/FVC ratio < 0.7, seven subjects displayed
an obstructive, compared with six subjects before
SARS-CoV-2 infection. Four of the aviators with post-
COVID-19 obstructive patterns also had such results

prior to infection. A lower proportion of subjects had
abnormal FEV1 or FVC values according to LLN cri-
teria (0.4—0.8%), with similar rates of low FEV1/FVC
ratios (Table 2), which was mostly derived from high
FVC values rather than abnormally low FEV1.

Regarding additional PFT, all TLC measurements
were within the anticipated range, thus exclud-
ing restrictive abnormalities. DLCO was lower than
80%pred in 8 aviators (7.7%) yet was above 70% in all
cases. When considering LLN, only 2 subjects (1.9%)
had abnormally low diffusion capacity, while TLC and
RV results were all within normal range. Details of PFT
results are summarized in Table 2.

There were no associations between age or COVID-
19 symptoms and PFT results, nor were there associa-
tions between abnormal results of different tests (e.g.
FEV1 and FVC).

ROBD testing

Two of the 104 subjects had abnormal ROBD testing
(1.9%). One had a delayed recovery from hypoxia (over
50 s). He had no ongoing symptoms of illness, and all
PFT were within normal range and unchanged from
baseline. He resumed flight duties without further test-
ing. The other aviator expressed significant symptoms
under hypoxic conditions. He also had complete clini-
cal recovery and normal PFT, yet he was temporarily
restricted from flying.
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Time %pred p-value %pred LLN Abnormality rates
abnormality rates n (%)
n (%)
FEV1%pred Pre 99.7+118 0.85 11 (4.4%) -
Post 99.5+11.3 9 (3.6%) -
FVC%pred Pre 99.8+13.1 0.72 6 (2.4%) -
Post 994+115 5(2%) -
FEV1, L Pre 4.22+0.61 0.28 - 2(0.8%)
Post 4.16+0.64 - 1 (0.4%)
FVC, L Pre 503+0.8 0.48 - 2 (0.8%)
Post 498+0.78 - 2 (0.8%)
FEV1/FVC Pre 845+7.33 093 6 (2.4%) 8 (3.2%)
Post 84.44+7.84 7 (2.8%) 6 (2.4%)
TLC%pred Post 103.0+£ 1045 NA 0 (0%)
TLC z-score Post —0.03+£0.78 0 (0%)
RV%pred Post 112.08+20.29 NA 6 (5.8%)
RV z-score 0.13+£061 0 (0%)
DLCO%pred Post 96.36+10.22 NA 8 (7.7%)
DLCO z-score -049+0.72 2 (1.9%)
ROBD Post NA NA 2 (1.9%)

DLCO Diffusion capacity for carbon monoxide, FEV1 Forced expiratory volume in 1's, FVC Forced vital capacity, LLN Lower limit of normal, ROBD Reduced oxygen

breathing device, RV Residual volume, TLC Total lung capacity

" p-values for comparison between values pre-SARS-CoV-2 infection and post-SARS-CoV-2 infection

Discussion

In this study, we aimed to investigate the impact of
SARS-CoV-2 infection on the pulmonary function of
young, vaccinated, and healthy adults by comparing PFT
performed before and shortly after the infection.

The results showed that the FEV1, FVC, and FEV1/
FVC ratios were comparable to the pre-infection meas-
urements, indicating that there was no significant decline
in these parameters following SARS-CoV-2 infection.
Furthermore, the total lung capacity (TLC) was within
normal range for all subjects, suggesting that there
were no restrictive pulmonary patterns observed after
recovery.

It is worth noting that a small proportion of aviators
had low-normal values for DLCO, indicating poten-
tial impairment in gas exchange. Although these values
were below 80% of the predicted, none of them fell below
the 70%pred threshold, and only two aviators had val-
ues slightly below the LLN (z-score of —1.76 and —1.8).
Therefore, it can be inferred that the impact of SARS-
CoV-2 infection on the diffusion capacity was mild, if any,
in this population.

The majority of aviators who contracted COVID-19
were symptomatic, yet their symptoms were mild and
transient. All the participants were previously healthy
military aircrew, fully vaccinated (received 3 vaccine
doses), and none required specific COVID-19 therapy

or hospitalization, suggesting that the infection had a
benign course in this population. Generally, normal PFT
were measured shortly after contracting infection, as
the post-COVID-19 medical evaluation and “back-to-
fly” protocol were conducted approximately 9 days after
diagnosis.

The vast majority of data regarding post-COVID-19
PFT is derived from publications that studied indi-
viduals who survived severe illness and is also biased
towards subjects who remained symptomatic. Such stud-
ies reported significant rates of low DLCO, followed by
lower rates of restrictive patterns (low TLC%pred or
FVC%pred) [5-9, 20-22]. For example, DLCO were
abnormally low in 30% of 146 subjects who recov-
ered from mild COVID-19, while suspected restriction
(FVC<LLN, TLC was not measured) was identified in
20%. However, those were individuals who had attended
a hospital-based COVID-19 follow-up clinic, were older
than our cohort, and have possibly had comorbidities,
including prior respiratory illnesses. In addition, no
pre-infection PFT were available for comparison [23]. A
major limitation of most prior studies is that pre-illness
PFT were not available. In fact, only a handful of stud-
ies compared pre- and post-COVID-19 PFT. Three stud-
ies report normal spirometry and no impact of mild
COVID-19 among professional athletes [24—26]. Those
studies, however, included very small cohorts (8 handball
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and 13 and 18 soccer players, respectively], and may be
underpowered to detect differences. Four additional
studies included larger cohorts. In one study, 33 of 67
subjects had spirometry results pre-COVID-19. A statis-
tically significant decrease of 130ml in FEV1 was identi-
fied, while FVC and FEV1/FVC were unchanged [27].
Almost half of the subjects required hospitalization and
oxygen support for COVID-19. In another study, pre-
and post-COVID-19 PFT were retrospectively compared
in 80 participants. The majority of subjects had underly-
ing lung diseases, mostly asthma and chronic obstructive
pulmonary disease, with abnormal baseline PFT. Most
also had other non-pulmonary comorbidities. In this
cohort, 75% had mild-moderate COVID-19, and post-
COVID-19 PFTs were performed 77 days after illness on
average. There was no difference in PFT values between
pre- and post-COVID-19 measurements [28]. The largest
study included 853 subjects from a Swedish birth cohort
with asthma who had spirometry performed before and
after the COVID-19 epidemic. SARS-CoV-2 infection
was identified retrospectively based on positive viral
serology. Thus, 243 subjects were seropositive (29%), with
only one requiring hospitalization. Overall, there was a
statistically significant yet numerically minimal increase
in FEV1%pred and FVC%pred in the COVID-19 meas-
urements, which is clinically irrelevant. A similar increase
was noted among SARS-CoV-2 seropositive and seroneg-
ative participants [29]. There were no measurements of
total lung capacity or DLCO. Last, in a prospective study
that included 107 COVID-19 patients, there were faster
declines of FEV1 and FVC over time compared with
499 non-infected controls. While those differences were
small, they were still robust among individuals who did
not require hospitalization for COVID-19. Mean TLC
and DLCO (measured only post-COVID-19) were within
normal ranges (90.15%+10.9 and 88.1%+17.1, respec-
tively) [30]. Thus, available data regarding the impact of
COVID-19 on the PFT of individual subjects is sparse
and conflicting.

It is important to note that our study has limitations.
The study population consists of healthy, mostly young,
predominantly male aviators, from a single center, with
no control group, which may bias the results and limit the
generalizability of the findings. Indeed, several studies
reported worse PFT outcomes among female survivors
of severe or critical COVID-19, compared with males
[8, 21, 22], which may also be relevant to recovery from
mild or asymptomatic disease. The study was conducted
when Omicron variants of SARS-CoV-2 (BA.1 and BA.2)
became predominant in Israel, responsible for 98—100%
of cases nationwide [31]. While genomic sequencing was
not performed, it is safe to assume that the vast major-
ity, if not all, of cases in our study, were indeed infected
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with Omicron subvariants. Reduced disease severity of
COVID-19 resulting from Omicron variants, compared
with other SARS-CoV-2 variants, has been reported,
including lower risks for severe disease, hospitalizations,
and mortality [32-34]. This could also explain the benign
nature of the disease and post-COVID-19 measurements
in our study. Full vaccination with an effective mRNA
vaccine was universal in our studied population. Those
factors may limit the generalization of our data. Another
limitation is the absence of pre-COVID-19 plethysmog-
raphy and DLCO data. Additionally, the study does not
provide long-term follow-up data, and the impact of
SARS-CoV-2 infection on pulmonary function beyond
the immediate recovery period was not assessed. Despite
those limitations, this is the largest study comparing pre-
and post-COVID-19 PFT to date. We believe that our
findings add support to the notion that mild COVID-19
has no or minimal effects on lung function.

Conclusions

We did not find any effect of mild or asymptomatic
COVID-19 on spirometry values among the studied pop-
ulation and identified only uncommon minimal abnor-
malities in DLCO. This implies that routine surveillance
with PFT may not be necessary among asymptomatic
subjects who recovered from mild COVID-19. We sug-
gest further validation of the results, which might also
determine which subjects may require such testing.
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