@ PLOS|ONE

Check for
updates

G OPEN ACCESS

Citation: Prottengeier J, Elsner S, Wehrfritz A,
Moritz A, Schmidt J, Meyer M (2020) Nociception
testing during fixed-wing ambulance flights. An
interventional pilot study on the effects of flight-
related environmental changes on the nociception
of healthy volunteers. PLoS ONE 15(2): €0217530.
https://doi.org/10.1371/journal.pone.0217530

Editor: Kelly Naugle, Indiana University-Purdue
University Indianapolis, UNITED STATES

Received: May 9, 2019
Accepted: February 5, 2020
Published: February 24, 2020

Copyright: © 2020 Prottengeier et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The datasets
generated and analyzed during the current study
are available in the Zenodo data repository: 10.
5281/zen0d0.2563176

Funding: This study was funded by a science grant
from the ADAC Schutzbrief AG. Open Access
publication fees were provided by the Friedrich-
Alexander University of Erlangen-Nuremberg.
Sponsors did not play any role in study design,

RESEARCH ARTICLE

Nociception testing during fixed-wing
ambulance flights. An interventional pilot
study on the effects of flight-related
environmental changes on the nociception of
healthy volunteers

Johannes Prottengeier'2*, Stefan Elsner?, Andreas Wehrfritz'2, Andreas Moritz'-2,
Joachim Schmidt'-?, Michael Meyer'-2

1 Department of Anesthesiology, University Hospital Erlangen, Erlangen, Germany, 2 Faculty of Medicine,
Friedrich-Alexander University Erlangen-Nuremberg, Erlangen, Germany

* johannes.prottengeier @kfa.imed.uni-erlangen.de

Abstract

Background

The effects of environmental changes on the somato-sensory system during long-distance
air ambulance flights need to be further investigated. Changes in nociceptive capacity are
conceivable in light of previous studies performed under related environmental settings. We
used standardized somato-sensory testing to investigate nociception in healthy volunteers
during air-ambulance flights.

Methods

Twenty-five healthy individuals were submitted to a test compilation analogous to the quanti-
tative sensory testing battery—performed during actual air-ambulance flights. Measurements
were paired around the major changes of external factors during take-off/climb and descent/
landing. Bland-Altman-Plots were calculated to identify possible systemic effects.

Results

Bland-Altman-analyses suggest that the thresholds of stimulus detection and pain as well
as above-threshold pain along critical waypoints of travel are not subject to systemic effects
but instead demonstrate random variations.

Conclusions

We provide a novel description of a real-life experimental setup and demonstrate the gen-
eral feasibility of performing somato-sensory testing during ambulance flights. No system-
atic effects on the nociception of healthy individuals were apparent from our data. Our
findings open up the possibility of future investigations into potential effects of ambulance
flights on patients suffering acute or chronic pain.
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Introduction

Inter-hospital transfers are common medical procedures, that are sometimes carried out using
fixed-wing air-ambulances. The number of such long-distance transfers is steadily rising due
to the ongoing internationalization of specialized medical care and, much more importantly,
due to increases in individual international mobility [1]. The latter results in growing numbers
of aeromedical retrievals of travelers back to their home countries [2].

Long distance air ambulance flights can be considered a medical field of pre-requisites that
truly distinguish it from intra-hospital care. While vibrations, noise, and restricted patient
access must also be considered in other means of transportation, such as ground-ambulances
and mobile ICUs, the rapid alterations in atmospheric pressure, oxygen partial pressure and
air humidity that occur during airplane flights are environmental changes that are actually
unique to this mode of transfer.

Despite this distinctiveness, most in-flight medical measures are simply extrapolated from
what we know and do when on solid ground. For example, during transfers, analgesia is typi-
cally applied as if the patient were in a hospital-regardless of any of the possible effects, the
profound environmental changes caused by flying in an airplane might have on human
nociception.

Data from several studies have called this business-as-usual approach into question. For
example, Sato and colleagues found that neuropathic pain was significantly aggravated in
guinea pigs that were exposed to small alterations in atmospheric pressure similar to weather
changes [3]. Additionally, healthy mountaineers in the Himalayas have been found to have
lower pain detection thresholds when at high altitudes than when in low lying areas [4]. Thus,
it seems that distinct environmental factors can influence nociception. And airplane travel in
particular may affect other sensory functions as well. During simulated flights, healthy volun-
teers experienced changes in their gustatory detection thresholds [5]. As a consequence, com-
mercial airlines have refined their in-flight meals to compensate for these flight-related
sensory alterations.

In summary, it seems conceivable that airplane travel could impact nociception, but no
data are available to evaluate its influence. In this prospective interventional study, we
investigated the possible effects of air-ambulance flights on human nociception. Instead of
artificially altering single environmental variables in a laboratory setting (such as atmo-
spheric pressure), we decided to test pain perception in a real-life in-flight setting. This
approach was used to provide external conditions identical to those encountered during
medical transfers and to thus encompass the entirety of all possible influencing factors—
even those, that can only be poorly simulated in a laboratory setting such as cabin noise,
vibration etc..

Materials and methods
Participants and setting

This study was approved of by the University of Erlangen-Nuremberg’s ethics council in
advance under decision number 81 13 B.

The Department of Anesthesiology at Erlangen University Hospital is involved in interna-
tional aeromedical retrievals as part of its cooperation with the ADAC, the German motorists
club, which is one of the major insurance providers for Germans traveling abroad. The
ADAC’s two Dornier 328 mid-range ambulance jets provided the setting for our experiments

[6].
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Healthy male volunteers were recruited from the pool of flight nurses and flight doctors
engaged in transports on behalf of the ADAC. Informed written consent was obtained from
each participant well before testing. All participants were required to undergo a concise health
examination before they were included in our study. Exclusion criteria included, amongst oth-
ers, any acute or chronic pain disorders, current or recent use of analgesics and any significant
neurological, cardio-vascular, pulmonary or metabolic comorbidities.

Test sequence

Nociception was tested at 4 distinct waypoints along the flight path. First, baseline values were
obtained at ground level before take-off (Waypoint 1). Measurements for waypoint 2 were
acquired after reaching cruising altitude. Waypoint 3 was set at a later time, right before leav-
ing cruising altitude. Finally, a fourth and final set of measurements was obtained after touch-
down, once the plane had reached its parking position (Waypoint 4). Fig 1 shows a schematic
of the 4 waypoints along a flight.

Environmental factors such as atmospheric pressure, temperature and humidity were docu-
mented and were considered as possible influencing factors on nociception.

Quantitative sensory testing battery

Nociception measurements comprised a variety of modalities from the “quantitative sensory
testing” (QST) battery. The QST has been developed by the German Research Network on
Neuropathic Pain, has been repeatedly validated, and has found widespread use worldwide
since its introduction in 2002. Standardized testing allows the representative investigation of
an individual’s somatosensory system, comprising both peripheral and central pathways [7-9].
The test procedures apply predefined repetitions of increasing, calibrated, non-invasive stimuli
to detect the three distinct hallmarks of the sensory system for the different neurobiological
sub-modalities of pain:

1. Perception thresholds,
2. Pain thresholds, and the
3. Quantification of sensations above threshold

Predefined techniques are provided by the QST manual to calculate validated threshold val-
ues from the obtained series of measurements. Briefly, QST measures through a set of tests (1.)
when you first feel the stimulus, (2.) when the stimulus causes pain for the first time and (3.)
how much a specific stimulus hurts.

Testing strictly adhered to the QST standard operating procedures. An extensive descrip-
tion of the QST battery may be found online in the investigator’s brochure [10]. Within the
constraints of this article, we provide only a concise overview of the utilized test modalities.

Thermal testing

Warm and cold thermal perception and pain thresholds were investigated using the TSA II
NeuroSensory Analyzer (Medoc Advanced Medical Systems, Ramat Yishai, Israel). A ther-
mode with a circulating water system was placed on the skin of a volunteer’s left volar forearm
and a series of changes in water temperature were repeatedly applied. Technical limitations of
thermode temperature were implemented to avoid skin lesions. When participants perceived
that the temperature had changed and when they later felt pain derived from cold or heat, they
pushed a button and the threshold temperatures were registered electronically. Three repeti-
tions were performed for each threshold.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217530 February 24, 2020 3/13


https://doi.org/10.1371/journal.pone.0217530

@PLOS | O N E In-flight nociception testing

Cabin pressure at strategic waypoints along test flights.
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Fig 1. Cabin pressure at waypoints. Boxplots of the cabin pressure (in kPa) during each set of measurements. The 4 sets of measurements were distributed strategically
at distinct waypoints during each flight. Measurement 1 = before take-off, 2 = after reaching cruising altitude, 3 = before leaving cruising altitude, and 4 = after landing.
Differences in ambient pressure along the course of test flights are visualized.

https://doi.org/10.1371/journal.pone.0217530.9001

Mechanical testing

The mechanical pain threshold was examined by means of pin-prick needle stimulators of
increasing contact weights, resulting in stimulation intensities ranging from 8 Nm to 512 Nm
against the intact skin surface of the participants’ left volar forearm. (Instruments were custom
made by the expert mechanic workshop at the Department of Physiology, University of
Erlangen-Nuremberg, Germany). Five runs of increasing and decreasing weight stimuli were
performed. The mechanical pain threshold was computed as the geometrical mean of the val-
ues immediately above and below the pain perception for each run.

The repeated exposure to stimuli above pain threshold leads to an aggravation of perceived
pain intensity, the so-called “pain wind-up”. To detect and quantify this phenomenon in the
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context of pin-prick stimulators, first a single above-pain-threshold stimulus, then a rapidly
paced series of 10 such stimuli were applied to the same skin locality on the left volar forearm
and rated on the numerical rating scale (NRS). A total of five runs were performed to compute
mean wind-up values.

Pressure algometer

The indenter-like pressure algometer FDN 200 (Wagner Instruments, Greenwich, USA) was
pushed against the skin of participant’s left volar forearm with increasing effort to determine
the pressure pain threshold. The device was equipped with a pressure scale and readings were
obtained when the volunteers verbally stated they perceived pain. Three repeated runs were
performed.

Pain-Matcher

The pain matcher is not part of the QST test battery. It is a hand-held device that emits rectan-
gular pulses of direct current between the participant’s first and second digitae of the left hand
[11, 12]. The transferred energy increases stepwise through automatic pulse elongation (60
steps from 0 to 450 msec.), resulting in an electrical sensation that becomes painful over time.
The test subjects were instructed to loosen their grip on the device when thresholds were met.
The intensity levels for perception and pain thresholds as well as for the individual’s maximum
pain tolerance were displayed on the device and documented. Two repeated runs with the
device were performed.

Table 1 provides a comprehensive overview of all test modalities in their chronological
order. Abbreviations are later used in Tables 3 and 4 of the results section.

Statistical analysis

To assess the influence of the environmental changes that occur between different flight phases
on nociception, we performed Bland-Altman-analyses and prepared plots for every sensory
test modality. Comparisons were paired around the phases of major changes in external condi-
tions: take-off/climb and descent/landing. For this analysis, we matched waypoint 1 against
waypoint 2 and waypoint 3 against waypoint 4. The solid black lines in the Bland-Altman-
Plots represent the mean of the differences. The confidence intervals for means of differences
are depicted as dashed black lines. The red upper (lower) lines show the upper (lower) limits of
agreement equal to the mean + 1.965D. Usually, a total of 95% of observations lie within these

Table 1. Synopsis of test modalities and abbreviations in their chronological order.

Test modality Abbreviation
Cold detection threshold CDT
Heat detection threshold HDT
Cold pain threshold CPT
Heat pain threshold HPT
Mechanical pain threshold MPT
Wind up single stimulus WUsS
Wind up multiple stimuli WUmS
Pressure pain threshold PPT
Pain matcher detection threshold PMDT
Pain matcher pain threshold PMPT
Pain matcher abort threshold PMAT

https://doi.org/10.1371/journal.pone.0217530.t001
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limits. Confidence intervals for the limits of agreements were calculated and are presented in
Tables 3 and 4. However, for reasons of clarity, they were not included in the Bland-Altman-
Plots. The blue lines represent a margin of +20% around the means of the measurements
obtained for each modality and serve as a possible indicator of clinical relevance.

Statistical analysis was performed using SPSS Statistics 21 (IBM Corp. Armonk, NY, USA).
Values are presented as means with standard deviations and 95% confidence intervals, where
appropriate.

Results
Descriptive statistics

25 male participants completed our experiments. 14 were flight nurses, and 11 were flight phy-
sicians. Their ages ranged from 24 to 56 years (Mean: 43.64; SD: 8.71).

Environmental changes

The environmental conditions present on board the Dornier Do-328 Ambulance Jets were
recorded for each test subject and waypoint. Means are displayed in Table 2. Ambient cabin
pressure was measured at mean 75.43 kPa (SD:1.38) when cruising altitude was reached and
75.94 kPa (SD:2.63) before descend, against normobaric conditions on ground levels (p<
0.001). To obtain a better understanding of these pressure values: 75 kPa correspond to an alti-
tude of 2465 m above sea level. The subsequent reduction in partial oxygen pressure led to
mild hypoxia in the test subjects. Mean oxygen saturations of the participants were measured
at 92.92% (SD:2.00) after reaching cruising altitude and 93.6% (SD:1.93) before leaving cruis-
ing altitude-compared to a mean baseline saturation of 97.6% (SD:1.93, p< 0.001).

Somato-sensory testing-nociception

The effects of environmental changes on perception and nociception are demonstrated by the
Bland-Altman plots prepared for each test modality [13]. In this manuscript, we only display a
short and exemplary collection of plots for the cold and heat pain thresholds (CPT and HPT)
in Figs 2-5. Plots for all other analyzed modalities can be found as S1 File.

Table 3 provides a comprehensive overview of each test and lists the means of the differ-
ences, their 95% confidence intervals and the limits of agreements (+ 2SD) between measure-
ments taken at waypoints 1 and 2. The estimated means of the differences were usually close to
zero with some single differences demonstrating large nonsystematic fluctuations around this
mean. This implies that environmental changes along the flight did not produce systematic
bias but instead produced only random variations. Table 4 provides the same data for the com-
parison of waypoints 3 against 4.

Table 2. Mean values of environmental elements in effect during pain testing.

Environmental factors: Waypoint 1 Waypoint 2 Waypoint 3 Waypoint 4

Time 0 min 130 min (SD 14) 285 min (SD 24) 537 min (SD 43)
Temperature 21.88°C (SD 1.93) 23.07°C (SD 1.42) 23.32°C(SD 1.58) 22.81°C(SD 1.91)
Relative Humidity 44.84% (SD 8.34) 26.56% (SD 1.88) 24.96% (SD 1.99) 39.92% (SD 9.77)
Ambient Pressure 97.05 kPa (SD 8.34) 75.43 kPa (SD 1.38) 75.94 kPa (SD 2.63) 99.14 kPa (SD 1.80)

Differences of statistical significance.

https://doi.org/10.1371/journal.pone.0217530.t002
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Fig 2. Bland Altman Plot—Cold Pain Threshold (in°C)-Waypoints 1 against 2. The solid black lines in the Bland-Altman-Plots represent the mean of the
differences. The confidence intervals for the means of differences are depicted as dashed black lines. The red upper (lower) lines show the upper (lower) limits of
agreement equal to mean + 1.96 SD. The blue lines represent a margin of +20% around the means of measurements from each modality and serve as a possible indicator
of clinical relevance.
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Discussion

Long-distance inter-hospital transfers performed via fixed-wing air ambulances are frequent
and steadily growing in number. Previous data from studies that investigated the impact of
changing environmental conditions on neuro-sensory performance and nociception
prompted us to suspect that patients undergoing transfers via airplanes could experience simi-
lar changes in nociception and that analgesia strategies may consequentially have to be re-eval-
uated. In this study, we present an elaborate test scenario aimed at assessing flight-related
variations in perception and pain thresholds. Regarding the surrounding conditions, airplane
travel is associated with large decreases in barometric pressure, partial oxygen pressure, and
humidity as well as significant increases in vibration and noise exposure, all of which develop
over very short time spans. Our data suggest that despite these significant and systematic envi-
ronmental changes, the variations in nociception that occur during an ambulance flight are
nonsystematic and random-according to our comprehensive scope of sensory modalities.
Variations in the detected differences against their means could occur in a larger extent in a
number of cases. (I.e., measurements lying outside the blue 20% margin in each plot.) In some
of the tested modalities, more than half of the test subjects displayed means of differences
exceeding 20%, which is a—certainly debatable-margin of clinical significance. However, these
cases occurred without any clear pattern, and no systematic routine allowed us to predict the
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direction of an individual’s change in nociception, or whether he might not be affected at all
by the environmental stressor he was exposed to.

While our study is not a final assessment that should be used to guide analgesia in a system-
atic way (e.g. more or less dosing), we conclude that flight-related changes in the environment
have the potential to erratically influence some individuals’ nociception. This finding calls for
increased clinical suspicion of altered, whether higher or lower—analgesia requirements dur-
ing those phases of a transfer we tested, during which external conditions change profoundly.
Our data indicate that repeated pain assessments should potentially be carried out at times
such as take-off and landing in patients requiring analgesia.

Findings in the context of previous data

As described in the introduction section, previous studies have presented data that suggest that
the environment can have systemic effects on nociception. At first glance, our findings seem to
contradict these studies, but a closer look allows a reconciliation of their conclusions and ours.
Regarding the effects of high altitude on mountaineers, it must be acknowledged that the envi-
ronmental conditions experienced on board airplanes are not as extreme as those experienced
in the Himalayans and that the duration of exposure was considerably shorter for our volun-
teers [4]. In fact, the experiments investigating the aggravating effects of short-term weather
changes on neuropathic pain in guinea pigs correspond somewhat more closely to our setting
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of environmental changes [3]. However, a fundamental difference between our test setting and
the one used with the guinea pigs is the pathophysiological condition of the test subjects. In
contrast to the test animals, which suffered from neuropathic pain, our volunteers were healthy
individuals without any pain other than that caused by the mild stimuli of the QST battery. It
is conceivable, that in order to be influenced by external environmental stressors such as those
used in our study, pain must be present as an actual and persistent disorder, not just as a brief
experimental stimulus. In the end, it seems worth considering whether the effects of environ-
mental changes on a cohort of test subjects who are actually experiencing pain should be inves-
tigated before we reject the hypothesis that flight-related environmental changes have relevant
effects on human nociception. After all, pain can, in itself, have systemic effects on stimulus
detection and pain thresholds and can lead to very complex but distinct secondary disorders,
such as hyperalgesia and allodynia [14-16].

Strengths

In our study we conducted nociception testing in a real-life in-flight setting unparalleled by
that used in any previous study. All external factors present during the actual transfers of
patients were also present under our experimental conditions. This included factors that are
easy to simulate and easy to measure such as barometric pressure as well as factors that are
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more difficult to replicate under laboratory conditions, such as motion, vibrations, noise,
odors, and others—some of which we might not even be aware of as to their existence.

We demonstrate the feasibility of using a complex and comprehensive somato-sensory
assessment in a unique surrounding area. Our study clears the way for further investigations

Table 3. Means of differences, limits of agreement (LoA) and confidence intervals (CI) between pairs of measurements around changes in environmental conditions
are shown for all analyzed sensory modalities. In this table between waypoints 1 and 2 (around take-off and climb).

Test modality | Unit Mean of differences | CImean |95% Upper LoA |CI upper limit of agreement |95% Lower LoA |CI lower limit of agreement
CDT12 °C -0.67 -1.51;0.16 | 3.29 1.61;4.98 -4.64 -6.32;-2.95
HDTI12 C 0.16 -0.56;0.87 | 3.55 2.11;5.00 -3.24 -4.68;-1.80
CPT12 °C -1.62 -4.32;1.07 | 11.18 5.74;16.63 -14.43 -19.87;-8.99
HPT12 C -0.09 -0.98;0.81 | 4.19 2.37;6.00 -4.36 -6.17;-2.54
MPT12 Nm 16.51 -0.47;33.48 | 97.09 62.86;131.33 -64.08 -98.31;-29.85
WUsS12 NRS 3.02 -0.84;6.89 | 21.38 13.58;29.17 -15.33 -23.12;-7.53
WUmS12 NRS 1.01 -1.96;3.98 | 15.11 9.12;21.10 -13.09 -19.08;-7.10
PPT12 kg/cm2 0.14 -0.07;0.34 | 1.12 0.70;1.53 -0.84 -1.26;-0.43
PMDT12 Intensity level | 0.40 -0.22;1.02 | 3.34 2.09;4.59 -2.54 -3.79;-1.29
PMPT12 Intensity level | 0.00 -2.71;2.71 | 12.89 7.41;18.37 -12.89 -18.37;-7.41
PMATI12 Intensity level | -0.98 -4.36;2.40 | 15.05 8.24;21.86 -10.20 -23.82;-10.20

https://doi.org/10.1371/journal.pone.0217530.t003
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Table 4. Means of differences, limits of agreement (LoA) and confidence intervals (CI) between pairs of measurements around changes in environmental conditions
are shown for all analyzed sensory modalities. In this table between waypoints 3 and 4 (around descent and landing).

Test modality Unit Mean CI Mean 95% upper LoA CI upper LoA 95% lower LoA CI lower LoA
CDT34 °C 0.08 -0.53;0.68 2.93 1.72;4.15 -2.78 -3.99;-1.57
HDT34 °C 0.11 -0.14;0.35 1.29 0.78;1.79 -1.08 -1.58;-0.57
CPT34 °C 0.24 -1.54;2.02 8.68 5.10;12.27 -8.20 -11.79;-4.62
HPT34 °C -0.45 -1.24;0.33 3.27 1.69;4.85 -4.17 -5.76;-2.59
MPT34 Nm -8.82 -27.29;9.64 78.86 41.61;116.10 -96.50 -133.75;-59.26
WUsS34 NRS 0.73 -1.70;3.15 12.25 7.36;17.14 -10.79 -15.69;-5.90
WUmS34 NRS 1.29 -1.26;3.84 13.39 8.25;18.53 -10.81 -15.95;-5.67
PPT34 kg/cm2 -0.09 -0.22;0.04 0.54 0.27;0.80 -0.71 -0.98;-0.45
PMDT34 Intensity level -0.40 -0.81;0.01 1.56 0.73;2.39 -2.36 -3.19;-1.53
PMPT34 Intensity level -0.38 -1.13;0.37 3.17 1.66;4.68 -3.93 -5.44;-2.42
PMAT34 Intensity level 0.86 -1.00;3.72 14.43 8.67;20.20 -12.71 -18.48;-6.95

https://doi.org/10.1371/journal.pone.0217530.1004

of nociception in selected, clinically relevant subpopulations submitted to flight conditions. As
mentioned above, the fact that our findings do not support the notion of a systematic effect on
nociception in healthy volunteers does not exclude the possibility that such effects could occur
in individuals actually experiencing pain at the time of transfer.

Limitations

Naturally, these strengths stand vis-a-vis with several limitations. First, the small sample-size
of our study population is the most relevant limitation. Second, due to the make-up of the
work force of the ADAC Air Ambulance, our study population consisted only of men in
young adulthood or middle age. This selection bias severely limits the generalizability of our
findings as age and sex are factors that are known to influence nociception [17-19]. Selection
may also have been affected by the so-called healthy worker effect [20]. It is conceivable that
those individuals who are actually affected the most by flight-related environmental changes
would not work in the field of aecromedical retrievals and that we therefor inadvertently tested
a subpopulation of (in a manner of speaking) immune individuals.

Conclusions

Air ambulance flights submit patients to extraordinary and rapidly changing environmental
conditions, and providers of care and researchers have aimed to explore the effects of airplane
travel on patients. In this study, we investigated the feasibility of somatosensory testing on the
basis of QST to identify possible flight-related changes in stimulus perception and pain thresh-
olds. In consideration of the declared limitations, we can present several novel findings. We
demonstrate the feasibility of using a complex and comprehensive method of nociceptive test-
ing under real-life in-flight conditions. This opens up the possibility that future investigations
could explore nociception among patients who require analgesia, for whom we must strive to
optimize our provision of care. However, with regard for our healthy volunteers, perception
thresholds, pain thresholds, and above-threshold pain were not subject to systematic effects
along the major changes of the environment accompanying the different stages of an ambu-
lance flight. Nociception was considerably altered in a relevant percentage of individuals, but
our data do not suggest a methodical way to predict such occurrences.
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pain thresholds are available as supplemental online content.
(PDF)

Acknowledgments

We thank Clemens Forster, Gabriele Gohring-Waldeck and Roland Schiftfmann for their
excellent assistance in the logistical preparations of our study. Finally, we would like to thank
all of the volunteers for their contributions to our study.

Author Contributions

Conceptualization: Johannes Prottengeier.

Data curation: Johannes Prottengeier, Stefan Elsner.
Formal analysis: Johannes Prottengeier, Stefan Elsner.
Funding acquisition: Johannes Prottengeier, Michael Meyer.
Investigation: Johannes Prottengeier, Stefan Elsner.
Methodology: Johannes Prottengeier.

Project administration: Johannes Prottengeier.
Resources: Johannes Prottengeier, Michael Meyer.
Supervision: Johannes Prottengeier.

Validation: Johannes Prottengeier.

Visualization: Johannes Prottengeier.

Writing - original draft: Johannes Prottengeier.

Writing - review & editing: Johannes Prottengeier, Stefan Elsner, Andreas Webhrfritz,
Andreas Moritz, Joachim Schmidt, Michael Meyer.

References
1. |ATA Annual Review 2018 [Internet]. Sydney: International Air Transport Association; 2018
Deutlich mehr Notrufe im Ausland [Internet]. Munich, Germany: ADAC SE; 2018; 08.08.2018

Sato J, Itano Y, Funakubo M, Mizoguchi H, ltoh M, Mori R. Low barometric pressure aggravates neuro-
pathic pain in guinea pigs. Neuroscience letters. 2011; 503(2):152—6. Epub 2011/09/06. https://doi.org/
10.1016/j.neulet.2011.08.030 PMID: 21888946.

4. Noel-Jorand MC, Bragard D, Plaghki L. Pain perception under chronic high-altitude hypoxia. The Euro-
pean journal of neuroscience. 1996; 8(10):2075-9. Epub 1996/10/01. https://doi.org/10.1111/j.1460-
9568.1996.tb00728.x PMID: 8921298.

5. Burdack-Freitag A, Bullinger D, Mayer F, Breuer K. Odor and taste perception at normal and low atmo-
spheric pressure in a simulated aircraft cabin. Journal fiir Verbraucherschutz und Lebensmittelsicher-
heit 2010; 6(1):95—-109. https://doi.org/10.1007/s00003-010-0630-y

6. Albrecht-Direr-Airport Nuremberg G.

Rolke R, Baron R, Maier C, Tolle TR, Treede RD, Beyer A, et al. Quantitative sensory testing in the Ger-
man Research Network on Neuropathic Pain (DFNS): standardized protocol and reference values.
Pain. 2006; 123(3):231-43. Epub 2006/05/16. https://doi.org/10.1016/j.pain.2006.01.041 PMID:
16697110.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217530 February 24, 2020 12/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217530.s001
https://doi.org/10.1016/j.neulet.2011.08.030
https://doi.org/10.1016/j.neulet.2011.08.030
http://www.ncbi.nlm.nih.gov/pubmed/21888946
https://doi.org/10.1111/j.1460-9568.1996.tb00728.x
https://doi.org/10.1111/j.1460-9568.1996.tb00728.x
http://www.ncbi.nlm.nih.gov/pubmed/8921298
https://doi.org/10.1007/s00003-010-0630-y
https://doi.org/10.1016/j.pain.2006.01.041
http://www.ncbi.nlm.nih.gov/pubmed/16697110
https://doi.org/10.1371/journal.pone.0217530

@ PLOS|ONE

In-flight nociception testing

10.

11.

12

13.

14.

15.
16.

17.

18.

19.

20.

Backonja MM, Attal N, Baron R, Bouhassira D, Drangholt M, Dyck PJ, et al. Value of quantitative sen-
sory testing in neurological and pain disorders: NeuPSIG consensus. Pain. 2013; 154(9):1807-19.
Epub 2013/06/08. https://doi.org/10.1016/j.pain.2013.05.047 PMID: 23742795.

Mucke M, Cuhls H, Radbruch L, Baron R, Maier C, Tolle T, et al. Quantitative sensory testing (QST).
English version. Schmerz (Berlin, Germany). 2016. Epub 2016/01/31. https://doi.org/10.1007/s00482-
015-0093-2 PMID: 26826097.

Rolke R, Andrews K, Magerl W, Treede R-D. QST Investigators Brochure Mannheim, Germany: Chair
of Neurophysiology, University Medicine Mannheim; 2010 [updated 08.07.2010; cited 2020 03. Febru-
ary]. Version 2.1:[A standardized battery of Quantitative Sensory Testing according to the protocol of

the German Research Network on Neuropathic Pain (DFNS)]. Available from: https://www.neuro.med.
tu-muenchen.de/dfns/pdfs/QST-Investigators_brochure_Version_2_1_final_english_2010_07_09.pdf.

Stener-Victorin E, Kowalski J, Lundeberg T. A new highly reliable instrument for the assessment of pre-
and postoperative gynecological pain. Anesthesia and analgesia. 2002; 95(1):151—7, table of contents.
Epub 2002/06/29. https://doi.org/10.1097/00000539-200207000-00027 PMID: 12088960.

Nielsen PR, Norgaard L, Rasmussen LS, Kehlet H. Prediction of post-operative pain by an electrical
pain stimulus. Acta anaesthesiologica Scandinavica. 2007; 51(5):582—6. Epub 2007/04/14. https://doi.
org/10.1111/.1399-6576.2007.01271.x PMID: 17430320.

Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical
measurement. Lancet (London, England). 1986; 1(8476):307—10. Epub 1986/02/08. PMID: 2868172.

Wager TD, Atlas LY, Lindquist MA, Roy M, Woo C-W, Kross E. An fMRI-Based Neurologic Signature of
Physical Pain. New England Journal of Medicine. 2013; 368(15):1388-97. https://doi.org/10.1056/
NEJMoa1204471 PMID: 23574118.

Moore R. Biobehavioral Approaches to Pain. New York: Springer; 2009.

Jensen TS, Finnerup NB. Allodynia and hyperalgesia in neuropathic pain: clinical manifestations and
mechanisms. The Lancet Neurology. 2014; 13(9):924-35. Epub 2014/08/22. https://doi.org/10.1016/
S1474-4422(14)70102-4 PMID: 25142459.

Averbeck B, Seitz L, Kolb FP, Kutz DF. Sex differences in thermal detection and thermal pain threshold
and the thermal grill illusion: a psychophysical study in young volunteers. Biology of sex differences.
2017; 8(1):29. Epub 2017/09/02. https://doi.org/10.1186/s13293-017-0147-5 PMID: 28859684;
PubMed Central PMCID: PMC5579939.

Pfau DB, Krumova EK, Treede RD, Baron R, Toelle T, Birklein F, et al. Quantitative sensory testing in
the German Research Network on Neuropathic Pain (DFNS): reference data for the trunk and applica-
tion in patients with chronic postherpetic neuralgia. Pain. 2014; 155(5):1002—15. Epub 2014/02/15.
https://doi.org/10.1016/j.pain.2014.02.004 PMID: 24525274,

Tham SW, Palermo TM, Holley AL, Zhou C, Stubhaug A, Furberg AS, et al. A population-based study
of quantitative sensory testing in adolescents with and without chronic pain. Pain. 2016; 157(12):2807—
15. Epub 2016/10/26. https://doi.org/10.1097/j.pain.0000000000000716 PMID: 27780176.

McMichael AJ. Standardized mortality ratios and the "healthy worker effect": Scratching beneath the
surface. Journal of occupational medicine : official publication of the Industrial Medical Association.
1976; 18(3):165-8. Epub 1976/03/01. https://doi.org/10.1097/00043764-197603000-00009 PMID:
1255276.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217530 February 24, 2020 13/13


https://doi.org/10.1016/j.pain.2013.05.047
http://www.ncbi.nlm.nih.gov/pubmed/23742795
https://doi.org/10.1007/s00482-015-0093-2
https://doi.org/10.1007/s00482-015-0093-2
http://www.ncbi.nlm.nih.gov/pubmed/26826097
https://www.neuro.med.tu-muenchen.de/dfns/pdfs/QST-Investigators_brochure_Version_2_1_final_english_2010_07_09.pdf
https://www.neuro.med.tu-muenchen.de/dfns/pdfs/QST-Investigators_brochure_Version_2_1_final_english_2010_07_09.pdf
https://doi.org/10.1097/00000539-200207000-00027
http://www.ncbi.nlm.nih.gov/pubmed/12088960
https://doi.org/10.1111/j.1399-6576.2007.01271.x
https://doi.org/10.1111/j.1399-6576.2007.01271.x
http://www.ncbi.nlm.nih.gov/pubmed/17430320
http://www.ncbi.nlm.nih.gov/pubmed/2868172
https://doi.org/10.1056/NEJMoa1204471
https://doi.org/10.1056/NEJMoa1204471
http://www.ncbi.nlm.nih.gov/pubmed/23574118
https://doi.org/10.1016/S1474-4422(14)70102-4
https://doi.org/10.1016/S1474-4422(14)70102-4
http://www.ncbi.nlm.nih.gov/pubmed/25142459
https://doi.org/10.1186/s13293-017-0147-5
http://www.ncbi.nlm.nih.gov/pubmed/28859684
https://doi.org/10.1016/j.pain.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24525274
https://doi.org/10.1097/j.pain.0000000000000716
http://www.ncbi.nlm.nih.gov/pubmed/27780176
https://doi.org/10.1097/00043764-197603000-00009
http://www.ncbi.nlm.nih.gov/pubmed/1255276
https://doi.org/10.1371/journal.pone.0217530

