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Central arterial systolic blood pressure (SBP) and arterial stiffness are known to be better
predictors of adverse cardiovascular outcomes than brachial SBP. The effect of progressive

high altitude (HA) on these parameters has not been examined.

Ninety healthy adults were included. Central BP and the augmentation index (AI) were
measured at the level of the brachial artery (Uscom BP+ device) at <200m and at 3619m,
4600m and 5140m. The average age of the subjects (70% men) were 32.2+8.7 years.
Compared with central arterial pressures, brachial SBP (+8.1£6.4 mmHg; p<0.0001) and
pulse pressure (+10.9+6.6 mmHg; p<0.0001) were significantly higher and brachial DBP
was lower (-2.8+1.6 mmHg; P<0.0001). Compared <200m, HA led to a significant
increase in brachial and central SBP. Central SBP correlated with AI (=0.50; 95% CI:
0.41 to 0.58: p<0.0001) and age (r=0.32; 21to 0.41: p<0.001). Al positively correlated with
age (r=0.39; p<0.001) and inversely with subject height (r=-0.22; p<0.0001) weight (r=-
0.19; p=0.006) and heart rate (r=-0.49: p<0.0001). There was no relationship between
acute mountain sickness scores (LLS) and Al or central BP. The independent predictors of
central SBP were male sex (coefficient, t 4.7; P<0.0001), age (t=3.6; p=0.004) and Al
(t=7.5; p<0.0001; overall r2 =0.40; p<0.0001). Subject height (t=2.4; p=0.02), age (7.4;
p<0.0001) and heart rate (t=11.4; P<0.0001) were the only independent predictors of Al
(overall 12=0.43; p<0.0001). Central BP and Al significantly increase at HA. This rise was
influenced by subject-related factors and heart rate but not independently by altitude, LLS

or SpO?2.
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I ntroduction

Cardiovascular death is a leading non cause of non-traumatic deaths in adults at high
altitude (HA).' Despite this fact, there has been limited research into cardiovascular risk
assessment at HA. ' HA exposure leads to an increase in resting heart rate, compared with
that at sea level, yet paradoxically, maximal heart rate is reduced.” The stroke volume rise
noted with exercise at sea level is blunted at HA.>* Consequently, whilst resting cardiac
output is higher at HA, versus sea level, at peak exercise it is comparatively lower.”*”
These factors along with the notable reduction in arterial oxygen content act to limit peak
exercise capacity and oxygen consumption.> Other reported cardiovascular responses
include an increase in resting brachial artery systolic blood pressure (SBP) and 24hour

arterial blood pressure (BP), which along with the increase in resting heart rate could be

potential implicating factors in the increased cardiovascular risk.””

The effects of HA on central arterial haemodynamics, such as central arterial BP and large
artery stiffness, are far less well understood and have been barely reported. Central arterial
BP and large artery stiffness are known to be more powerful predictors of adverse
cardiovascular outcomes, including stroke and cardiovascular death than brachial artery BP
as they more closely reflect the haemodynamic loading of vital central organs such as the

10.11

heart, brain and kidneys. Brachial artery BP does not reliably reflect central BP due to

the effects of peripheral amplification which is highly variable between individuals.'®""

Unfortunately, the accurate non-invasive assessment of central BP and large artery
stiffness has been traditionally very difficult. It had required the need for either arterial
catheterisation or less portable and expensive non-invasive equipment limiting its research

utility at HA, explaining the paucity of published research at genuine terrestrial HA.>’
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In the only study to investigate the influence of terrestrial HA on both large arterial
stiffness and central BP Parati et al observed a significant increase in both central SBP and
the arterial augmentation index (Al, marker of arterial stiffness) in untreated subjects
travelling to HA.” However, the altitude gain was very rapid (4559m within 28 hours of
ascent) and only a single altitude was studied. Nevertheless, their findings are potentially

important given the huge numbers exposed to HA worldwide.'?

The Uscom BP" is a novel device which is able to estimate central blood pressure
using a simple oscillometric BP cuff on the upper arm.'? It has shown excellent agreement
with catheter based assessments of central BP and gold standard measures of arterial
stiffness.’*" It utilises pulse wave analysis to assess the Al which reflects the enhancement
(augmentation) of central aortic systolic pressure by reflected arterial pulse waves. It has
the advantage over several competing devices. It is highly portable and only requires the
use of an upper arm cuff therefore avoiding the need to assess either the radial or digital

pulse where the signal to noise ratio may be less favourable.

In this study we sought to utilise this available technology to investigate, for the
first time the effects of a step-wise increasing terrestrial HA on both central BP and Al

during a trek to >5000m.
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M ethods

Study design and participants

Ninety healthy British Military servicemen aged >18years were included. The subjects
were assessed at near sea level (<200m) and during progressive ascent in the Dhaulagiri
region in the Himalayas in March/April 2016. Health status was confirmed following a
detailed baseline questionnaire. All subjects were assessed to be medically fit for a high
altitude venture by their general practitioner. Key exclusion criteria included a history of
hypertension and/ or atrial fibrillation. All participants were low altitude dwellers and none
had prior exposure to >1400m terrestrial altitude in the four weeks prior to this study. The
subjects were studied consecutively in groups of 8-10 individuals with a two day stagger
between successive groups. HA related symptoms were assessed using the Lake Louis

Scoring System (LLS).'®!”

High Altitude Ascent and descent profile

The subjects flew from the UK to Kathmandu (1400m day 1-3) where they underwent a
short period of local acclimatisation at 1400m. From there they travelled by a staged road
move to Darbang (1030m) then on foot with loads of up to 12kg over the ensuing 11 days
to HA of 5140m (after passing over French pas at 5360m) (figure 1). Thereafter, they
descended on foot and then by road back to Kathmandu. Research assessments were
performed at sea level and at static research camps at 3619m, 4600m and 5140m during

ascent.

Physiological assessmentsand central blood pressure measurement
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Oxygen saturations (SpO,) were measured using a Nonin Onyx (Nonin Medical Inc,
Plymouth, Minnesota) pulse oximeter. Blood pressure and arterial stiffness assessments
were obtained at the same time using an Uscom BP" device (Uscom, Sydney, NSW,
Australia as previously reported.'*"> The upper arm cuff was attached to the dominant arm
of seated subjects. All subjects were rested for at least five minutes prior to BP assessment
and they were not permitted to drink caffeine or smoke for at least three hours and alcohol
for >10 hours prior to BP measurements.'® The subjects were advised not to speak during
the recordings. The BP" device measures both central and peripheral BP (mmHg) using
supra systolic oscillometry. Following an initial inflation-deflation the cuff is re-inflated to
approximately >30mm Hg above the recorded suprasystolic pressure for 10 seconds,
during which suprasystolic BP and pulse wave assessments are recorded via the arm cuff.
All recordings were stored on a mini SD card within the device and later exported for data
analysis. Only readings with a signal-to-noise ratio of >6 was were included and tests with
a ratio of <6 were repeated.

The BP" calculates a number of additional haemodynamic indices that were of
interest to this study, including the Al. Its quoted Al is the arterial augmentation pressure
(difference between the second and first systolic peaks of the central pressure waveform)
expressed as a percentage of the pulse pressure and it is an indirect measure of large
arterial stiffness. Further parameters that we were specifically interested in for this study
were the time to systolic wave Reflection (TR) and the suprasystolic pulse pressure
variation (ssPPV). The reflected Wave Transit Time is an indirect measure of pulse wave
velocity and large arterial stiffness. The ssPPV is a novel measure of fluid responsiveness
and is heavily influenced by respiratory variation and left ventricular stroke volume, both

of which can be affected at HA.'”>' The BP" calculates the ssPPV as the difference
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between maximum and minimum pulse pressures divided by the average pulse pressure

over the 10 second rhythm strip.

Ethics

Participation was entirely voluntary and all participants underwent detailed written
informed consent. The study was approved by the Ministry of Defence Research and
Medical Ethics Committee (MODREC) and was conducted according to the standards of

the declaration of Helsinki.

Statistical analysis

Data were analysed using GraphPad InStat version 3.05 and with all graphical figures
presented using GraphPad Prism version 4.00 for Windows (GraphPad Software, San
Diego, CA, USA). Sample size calculations were performed using a proprietary
determined sample- size calculator using (GraphPad StatMate version 2.00 for Windows).
The Kolmogorov-Smirnov test was undertaken to assess normality of all continuous data
and all continuous data are presented as mean + standard deviations. Comparison of
unpaired data was performed using an unpaired T test or the Mann-Whitney Test for
parametric and non-parametric data respectively and with a paired t test and Wilcoxon
matched pairs test for equivalent paired data. Continuous data from >3 groups were
compared using a one-way Analysis of Variance (ANOVA) with either Tukey post-hoc
tests or a Kruskal-Wallis test with Dunn post-test for parametric and non-parametric data
respectively. Correlations were performed using Pearson and Spearman rank correlation

(£95% confidence interval, CI) for parametric and non-parametric data respectively. A



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

two tailed P value <0.05 was considered statistically significant for all comparisons. All
univariate predictors of central arterial systolic blood pressure were entered into a multiple
linear regression analysis model in order to identify its independent predictors. A two

tailed P value <0.05 was considered statistically significant for all comparisons.

Sample size calculations

Parati et al studied 44 subjects who travelled form sea level to 4559m within 29 hours.®
From this group there were 22 subjects who were randomised not to receive prophylactic
medication to prevent acute mountain sickness. In this group they observed a non-
significant increase in central systolic blood pressure from 103.7+10.7 to 108.8+8.0 mmHg
from sea level to that after 48h at HA. The Al significantly increased at HA versus sea
level. Based on this data and the average standard deviation of their central BP readings,
we calculated that a sample size of at least 60 subjects would have >80% power to detect a >5
mmHg change in central SBP and a >7% change in Al at HA at a significance level (alpha)

of 0.05 (two-tailed).

Results

Ninety subjects were included. The average age of the subjects were 32.2+8.7 years with
70% being male. Heart rate and LLS increased and SpO, fell at HA compared with sea

level (table 1).

Overall brachial arterial SBP (+8.1+£6.4 mmHg; p<0.0001) and pulse pressure
(+10.9£6.6 mmHg; p<0.0001) were significantly greater than that observed centrally.
Conversely the brachial artery DBP was lower (-2.8+£1.6 mmHg; P<0.0001) than the

equivalent central readings.
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Compared with baseline sea level values there was a significant increase in both
brachial and central SBP and in brachial but not central arterial pulse pressure at HA (table
2). The highest increase in both brachial and central SBP was between sea level and 4619m

(+6.1£13.30 and +7.1+5.5 mmHg respectively) (table 2; figure 2).

The Al and ssPPV both increased at HA whereas the reflected wave transit time
and systolic ejection period decreased versus sea level (table 2; figure 3). Adjusting the Al

to an average heart rate of 75 per minute (AI@75) did not alter the findings.

There were significant correlations between central SBP and both AI (r=0.50; 0.41
to 0.58: p<0.0001) and age (r=0.32; 21to 0.41: p<0.001). Other independent, albeit weak
predictors, of central SBP were SpO, (r=-0.14 -0.25 to -0.05: p=0.02), heart rate (r=-0.16;
-0.27 t0 -0.05: p=.003) male sex (r =0.15; 046 to 0.26: p=0.004) ethnicity (r=0.15; 0.04 to
0.25: p=0.007) smoking status (r=0.18; -0.28 to -0.07; p=0.001) and altitude (r=0.10;
p=0.05). Al positively correlated with age (=0.39; p<0.001) and inversely with subject
height (r-0.22; p<0.0001) weight (r-0.19; p=0.006), and heart rate (-0.49: p<0.0001). There

was no relationship between LLS and either Al or central BP.

Multivariate analysis was performed to assess the independent predictors of central
systolic BP. Only the univariate predictors were included in the model. The independent
predictors of central SBP were male sex (coefficient, t 4.7; P<0.0001), age (t 3.6; p=0.004)
and Al (t 7.5; p<0.0001; overall r*=0.40; p<0.0001). If Al was removed from the model
(overall *=0.29; p<0.0001) then the independent predictors of central systolic BP were
age, heart rate and smoking history. Subject height (coefficient 2.4; p=0.02), age (7.4;
p<0.0001) and heart rate (11.4; P<0.0001) were the only independent predictors of Al
(overall ’=0.43; p<0.0001). The order of the trekking groups did not influence the findings

when included in the multivariate analysis.
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Discussion

To the author’s knowledge, this is the first study to assess the effects of stepwise increasing
terrestrial HA on arterial stiffness and central BP over a conventional and progressive HA
trek. We found that HA exposure led to a significant increase in central SBP and Al
Neither altitude nor the SpO, were independent predictors of Al and central SBP. Heart

rate was a significant determinant of both Al and central BP.

HA exposure leads to a wide range of complex effects on both the pulmonary and
systolic circulation which have been well described.”*”** Hypobaric hypoxia leads to
widespread sympathetic activation leading to an increase in resting heart rate .>2> The
reported effects on BP are variable and are highly dependent on the degree of hypoxia and
speed and duration of exposure. Furthermore, the type of hypoxic environment may be a
major confounder.”® Several previously published studies have used simulated hypoxia
(using either a normobaric or hypobaric chamber) in an attempt to replicate the degree of
hypoxia observed at genuine HA.****>** However, simulated hypoxia does not reproduce
the environmental and geographical effects genuine terrestrial HA such as the cold or the
exercise burden. The reported literature has tended to focus on the effects of HA on
brachial artery BP and largely following a relatively short period brief (<6 hours) of
simulated hypoxia.”**® Available data at terrestrial HA has shown that HA exposure
typically leads to an increase in both resting systolic and 24 hour blood pressure which
may be more pronounced in those with background hypertension.” The effects of HA on
central BP and arterial stiffness have been barely examined at HA, yet they are well

10,11

recognised to be better predictors of cardiovascular risk than brachial BP. Given the

vast numbers of patients with known hypertension and cardiovascular disease who undergo

10
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recreational HA exposure annually the ability to better define cardiovascular risk in these
individuals would be important. This has added importance given that cardiovascular death
is a leading cause of non-traumatic death at HA." An improved understanding of the effects
of HA on central BP and other non-invasive measures of cardiovascular risk such as
arterial stiffness might allow for tailored medical therapy at HA to reduce the
cardiovascular risk to individuals. We observed a significant increase in brachial but not
central pulse pressure suggesting differences in BP behaviour in the peripheral versus the
central circulation. Indeed whilst the brachial SBP was higher than that observed centrally
the increase in central SBP was greater and was significant across all three altitudes

studied (table 2).

There has only been one previous study to investigate the effects of HA on
measures of both arterial stiffness and central BP at terrestrial altitude. Parati et al studied
44 subjects who were randomised to placebo or to oral acetazolamide prior to and during
HA exposure.® Following sea level assessment the subjects ascended to 4559m within 28
hours by road to 1130m, then cable car to 3647m before completing the rest of the ascent
on foot. Measurements at HA were obtained within 4-6 hours of arrival at 4559m and
again after two days at this altitude. They observed a non-significant increase in both
central and peripheral SBP but an even greater and significant increase in DBP. Al@75
significantly increased from Sea level to HA. However, whereas the SBP continued to
increase from 4-6 hours to two days at HA there was no further increase in the Al@75
beyond the early increase. In our study we noted a similar sized increase in both brachial
and central SBP to that in this previous study and the significance in our current study
likely relate to our much larger sample size. Our data would seem to suggest that the
increase in heart rate is a significant independent predictor of the increase in Al at HA

which was not directly related to either the SpO, or altitude. The observed increase in heart

11
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rate, Al, brachial and central SBP would strongly suggest that these increases relate to
sustained sympathetic activation at HA as has been well described rather than a genuine

. . . 23
increase in large artery stiffness.

In one of the only previously published studies to assess the effects of HA on
arterial stiffness and brachial BP during a conventional trek Rhodes et al studied 17
subjects over an ascent from 80m to 4770m over 11 days.’ They found that HA led to a
transient increase in large artery stiffness index (using finger photoplethysmography) noted
at day four at 3450 m before returning to baseline levels. A significant rise in both systolic
and diastolic BP were observed at 3450m and the increase was sustained throughout the
HA exposure.’ Interestingly, they observed that the increase in BP was not related to
changes in arterial stiffness nor was there a link between the increase in arterial tone and
the presence of AMS. We did not identify a relationship between LLS, SpO2 and either Al,

which is an indirect measure of large artery stiffness and central systolic BP at HA.

Consistent with previous research we found that the Al related to the
subjects age and inversely correlated with height and heart rate.””* This is explained by
the fact that the time of the reflected wave is related to the dimensions of the body and
heart rate. In shorter individuals, a reduced return time for reflected waves leads to an
increase in central pressure augmentation.”’ As a result of the noted influence of heart rate
on Al it has been suggested that Al should be adjusted for the effects of heart rate and this
has traditionally been to an average of 75 per minute (AI@75).” Adjusting the AI@75 to
account for heart rate did not alter our findings. It has also been more recently suggested
that adjusting for heart rate on multivariate analysis of Al is more appropriate and this has
been additionally done in our analysis.*® Our data has shown that heart rate was the
independent variable with the greatest impact on Al. Indeed augmentation of central BP is

influenced by heart rate and therefore the duration of systole and shifting the reflected

12
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arterial wave to diastole and reducing the time to wave reflection as has been observed in
our study.” Therefore it is reasonable to assume that the increase in Al at HA is largely
related to the associated increase in heart rate leading to a rise in arterial augmentation and
central BP rather than actual changes in large artery stiffness over only 14 days HA

exposure.

In this study we were also interested in the effects of HA on the ssPPV. This is a
measure of the variation in the pulse pressure averaged over the 10 second arterial
waveform recording using the BP" device. The beat to beat variation in pulse pressure is
known be influenced by a number of factors including left ventricular preload, stroke
volume and ventilation, which are all known to be affected at HA.** Clinically, probably
the most widespread use of ssPPV has been to assess fluid responsiveness in mechanically

. . . . . . 2021
ventilated patients intra-operatively and on intensive care.”

During inspiration negative
intrathoracic pressure leads to an increase in venous return and ultimately an increase in
ventricular filling. Its effect on left ventricular stroke volume is influenced by hydration
and intravascular filling, which is dependent on the relative position on the Frank-Starling
curve.”"HA-related hypoxia has been shown to affect both right and left ventricular stroke

volume with variable effects on ventricular filling.*****

The mechanisms to explain these
changes are complex and include the known hypoxia mediated pulmonary vasoconstriction
leading to an increase in pulmonary artery systolic pressure and right ventricular afterload.’
HA acclimatisation is known to lead to relative dehydration and hypoxia-mediated
hyperventilation all of which may affect biventriuclar ventricular stroke volume. Whilst
the ssPPV cannot be used in isolation serial measurements can be used to assess filling and
fluid responsiveness. In our study the ssPPV was very susceptible to the effects of HA

exposure but was not related to LLS. HA led to a marked increase in the ssPPV, despite no

significant increase in the central arterial pulse pressure.

13
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This study has a number of limitations that require acknowledgement. The subjects
were studied in groups two days apart. This was done to accommodate the large sample
size of the study and ensure excellent reproducibility of the measures and ensure that
subject BP measurements were conducted robustly at each individual research station by
trained researchers. The environmental factors, such as temperature and barometric
pressure would not have been identical for the study groups at the time of their data
collection which could have potentially influenced the findings. However, we did not
observe any significant influence of the trekking group order of study on either Al or
central systolic blood pressure. Unfortunately, we did not measure hormonal markers of
sympathetic activation, such as circulating catecholamines, to better investigate the
mechanism for the increase in SBP and Al, however, we did note that the increases did not

relate to the degree of hypoxia (SpO2) or LLS.

In conclusion in this study we found that HA exposure led to an increase in brachial and
central SBP and a rise in Al compared with near sea level baseline levels. The increase in
central SBP and Al was not related to the degree of hypoxia and SpO2 at HA nor to LLS.
The observed changes likely relate to increased sympathetic activation rather than any

genuine change in large artery stiffness.
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What is known about the topic?
e HA exposure leads to an increase in heart rate and there is evidence from a single study
of rapid largely cable car ascent to 4559m that it leads to an increase in central SBP and

arterial Al

What this study adds?

e This is the first study to examine the effects of stepwise increasing terrestrial HA on
arterial stiffness and central BP over a conventional and progressive HA trek to
>5000m.

e We have discovered that the HA exposure led to a significant increase in central SBP
and AL

e Neither altitude nor the SpO, were independent predictors of Al and central SBP.

e The increase in Al related to the increase in heart rate at HA and did not reflect a

genuine change in large artery stiffness.

15



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

References

. Burtscher M, Ponchia A. The risk of cardiovascular events during leisure time

activities at altitude. Prog Cardiovasc Dis2010;52:507-11.

. Bértsch P1, Gibbs JS. Effect of altitude on the heart and the lungs. Circulation.

2007;116:2191-202.

. Boushel R, Calbet J-AL, Radegran G, Sendergaard MS, Wagner PD, Saltin B.

Parasympathetic neural activity accounts for the lowering of exercise heart rate at

high altitude. Circulation 2001; 104:1785-1791.

. Boos CJ, Mellor A, Begley J, Stacey M, Smith C, Hawkins A et al.The effects of

exercise at high altitude on high-sensitivity cardiac troponin release and associated

biventricular cardiac function. Clin Res Cardiol 2014 ;103:291-9.

. Naeije R. Physiological adaptation of the cardiovascular system to high altitude.

Prog Cardiovasc Dis 2010; 52:456-66.

. Rhodes HL, Chesterman K, Chan CW, Collins P, Kewley E, Pattinson KT et al.

Birmingham Medical Research Expeditionary Society. Systemic blood pressure,
arterial stiffness and pulse waveform analysis at altitude. J R Army Med Corps
2011;157:110-3.

Schultz MG, Climie RE, Sharman JE. Ambulatory and central haemodynamics
during progressive ascent to high-altitude and associated hypoxia. J Hum
Hypertens2014;28:705-10.

Parati_ G, Revera M, Giuliano A, Faini A, Bilo G, Gregorini F et al. Effects of
acetazolamide on central blood pressure, peripheral blood pressure, and arterial

distensibility at acute high altitude exposure. Eur Heart J 2013;34:759-66.

16



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

10.

11.

12.

13.

14.

15.

16.

Bilo G, Villafuerte FC, Faini A, Anza-Ramirez C, Revera M, Giuliano A et al.
Ambulatory blood pressure in untreated and treated hypertensive patients at high
altitude: the High Altitude Cardiovascular Research-Andes study. Hypertension
2015;65:1266-72.

McEniery CM, Cockceroft JR, Roman MJ, Franklin SS, Wilkinson IB. Central
blood pressure: current evidence and clinical importance. Eur Heart J
2014;35:1719-25.

Safar ME, Blacher J, Jankowski P. Arterial stiffness, pulse pressure, and
cardiovascular disease-is it possible to break the vicious circle? Atherosclerosis
2011;218:263-71.

Lowe A, HarrisonW, El-Aklouk E, Ruygrok P, Al-JumailyAM. Non-invasive
model based estimation of aortic pulse pressure using suprasystolic brachial
pressure waveforms. J Biomech 2009; 42:2111-2115.

Lin ACI1, Lowe A, Sidhu K, Harrison W, Ruygrok P, Stewart R. Evaluation of a
novel sphygmomanometer, which estimates central aortic blood pressure from
analysis of brachial artery suprasystolic pressure waves. J Hypertens
2012;30:1743-50.

Climie RE, Schultz MG, Nikolic SB, Ahuja KD, Fell JW, Sharman JE. Validity
and reliability of central blood pressure estimated by upper arm oscillometric cuff
pressure. Am J Hypertens 2012;25:414-420

Costello BT, Schultz MG, Black JA, Sharman JE. Evaluation of a brachial cuff and
suprasystolic waveform algorithm method to noninvasively derive central blood
pressure. Am J Hypertens 2015;28:480-6.

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D et al.

European Network for Non-invasive Investigation of Large Arteries. Expert

17



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

17.

18.

19.

20.

21.

22.

23.

consensus document on arterial stiffness: methodological issues and clinical
applications. Eur Heart J 2006; 27:2588-605.

Hackett, P.H. & Oelz, O. The Lake Louise consensus on the quantification of
altitude illness. In: Sutton JR, Houston CS & Coates G (eds) Hypoxia and
Mountain Medicine: Queen City Printers, Burlington, VT 1992: 327-330.

Roach RC, Birtsch P, Oelz O et al. The Lake Louise acute mountain sickness
scoring system. In: Hypoxia and Molecular Medicine. Burlington, VT, Queens City
Press 1993; 272-274.

Michard F, Lopes MR, Auler JO Jr. Pulse pressure variation: beyond the fluid
management of patients with shock. Crit Care 2007;11:131.

Marik P E, Cavallazzi R, Vasu T. Hirani A. Dynamic changes in arterial waveform
derived variables and fluid responsiveness in mechanically ventilated patients: a
systematic review of the literature. Crit Care Med 2009;37:2642-2647.

Biais M, Ouattara A, Janvier G, Sztark F. Case scenario: respiratory variations in
arterial pressure for guiding fluid management in mechanically ventilated patients.
Anesthesiology 2012;116:1354-1361.

Boos CJ, O’Hara JP, Mellor A, Hodkinson PD, Tsakirides C, Reeve N et al. A
Four-Way Comparison of Cardiac Function with Normobaric Normoxia,
Normobaric Hypoxia, Hypobaric Hypoxia and Genuine High Altitude PLoS One.
2016; 11: e0152868. Published online 2016 Apr 21.

Ramirez G1, Hammond M, Agosti SJ, Bittle PA, Dietz JR, Colice GL. Effects of
hypoxemia at sea level and high altitude on sodium excretion and hormonal levels.

Aviat Space Environ Med 1992;63:891-8.

18



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

24.

25.

26.

27.

28.

29.

30.

Koller EA, Drechsel S, Hess T, Macherel P, Boutellier U. Effects of atropine and
propanolol on the respiratory, circulatory, and ECG responses to high altitude in
man. Eur J Appl Physiol 1988; 57:163—172.

Boos CJ, Hodkinson P, Mellor A, Green NP, Woods DR. The effects of acute
hypobaric hypoxia on arterial stiffness and endothelial function and its relationship
to changes in pulmonary artery pressure and left ventricular diastolic function. High
Alt Med Biol 2012;13:105-11.

Coppel J, Hennis P, Gilbert-Kawai E, Grocott MP. The physiological effects of
hypobaric hypoxia versus normobaric hypoxia: a systematic review of crossover
trials. Extrem Physiol Med 2015 26;4:1-20.

Smulyan H, Marchais SJ, Pannier B, Guerin AP, Safar ME, London GM. Influence
of body height on pulsatile arterial hemodynamic data. J Am Coll Cardiol 1998;
31:1103-9.

Wilkinson IB, Mohammad NH, Tyrrell S, Hall IR, Webb DJ, Paul VE et al. Heart
rate dependency of pulse pressure amplification and arterial stiffness. AmJ
Hypertens 2002;15: 24-30.

Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. The
influence of heart rate on augmentation index and central arterial pressure in
humans. J Physiol 2000;525:263-70.

Stoner L, Faulkner J, Lowe A, M Lambrick D, M Young J, Love R et al. Should
the augmentation index be normalized to heart rate? J Atheroscler Thromb 2014;

21:11-6. doi: 10.1371/journal.pone.0152868

19



438

439
440

441

442

443

Legendsfor Figures

Figure 1Ascent Profile the altitude and timing of data collection
Figure 2 Changes in systolic blood pressure with HA exposure. Symbol* denotes

significant difference vs baseline level

Figure 3 Change in Augmentation Index with high altitude
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Table 1: Baseline Demographics

Demographic Result

Age, years (range) 32.2+8.7 (18-56)
Maesn, % 63 (70%)

Height, cm 173.5+9.1
weight 73.4+£12.3

Body massindex kg/m? 24.38+2.7

Ethnicity, %

- Caucasian 87.8%
- Nepalese 11.1%
- South Asian 11.1%

Smoking status (N, %)
- Current 9.3%
- Ex 12.3%

- Never 78.4%




Table 2 Effect of high altitude on measured vascular parameters including central blood

pressure and augmentation index

Parameter Sea level 3619m 4600m 5140m P value
Heart rate 65.2+12.8 69.6+11.8 77.3+15.3 78.2+13.6 <0.0001abc
Oxygen Saturations 97.7+1.4t 91.9+34 82.8+6.3 80.4+5.3 <0.0001abc
Lake louis Scores 0.23(0.64) 1.1(19 1.4 (1.6) 1.3(1.4) <0.0001abc
Brachial artery 132.8+140  136.9+134 138.8+13.3 138.6+13.9 0.04bc
systolic BP
Brachial artery 81.8+11.7 84.7+9.4 83.7+9.8 83.9+9.7 0.28
diastolic BP
Mean brachial 99.3+12.9 102.0+9.9 102.1+9.9 102.2+9.8 0.23
arterial BP
Brachial artery 51.6+11.3 52.1+9.7 55.5+10.9 54.7+11.3 0.02b
Pulse pressure
Central systolic BP 124.7+14.8 130.1+14.2 131.4+154 129.4+14.3 0.02abc
Central arterial 84.0+11.6 87.5+9.6 86.8+9.6 87.3+9.5 0.09
diastolic BP
Central artery pulse 40.7£9.5 42.6+£9.6 44.6+13.4 42.1+9.9 0.26
pressure
Augmentation 55.3+34.9 71.1+34.1 61.8+36.7 56.6+32.7 0.001b
index, %
Reflected wave 0.16+0.02 0.16+0.02 0.14+0.02 0.14+0.01 <0.0001bc
transit time, s
Systalic gjection 0.30+0.03 0.31+0.02 0.29+0.03 0.28+0.02 <0.0001bc
period, s
Supra Systolic 0.23+0.13 0.280.15 0.37+0.20 0.34+0.19 <0.0001abc
pulse pressure
variation
BP, blood pressure; results of post hoc tests vs baseline sealevel, a 3880m, b 4400m, ¢ 5140m
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