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Study Objectives: By measuring the apnea length, ventilatory phase, respiratory cycle length, and loop gain, we can further characterize the central apneas 
of high altitude (CAHA).
Methods: Sixty-three drivers of all-terrain vehicles, working in a Peruvian mine located at 2,020 meters above sea level (MASL), were evaluated. A 
respiratory polygraph was performed in the first night they slept at high altitude. None of the subjects were exposed to oxygen during the test or 
acetazolamide in the preceding days of the test.
Results: Sixty-three respiratory polygraphs were performed, and 59 were considered for analysis. Forty-six (78%) were normal, 6 (10%) had OSA, and 
7 (12%) had CAHA. Key data from subjects include: residing altitude: 341 ± 828 MASL, Lake Louise scoring: 0.4 ± 0.8, Epworth score: 3.4 ± 2.7, apnea-
hypopnea index: 35.7 ± 19.3, CA index: 13.4 ± 14.2, CA length: 14.4 ± 3.6 sec, ventilatory length: 13.5 ± 2.9 sec, cycle length: 26.5 ± 4.0 sec, ventilatory 
length/CA length ratio 0.9 ± 0.3 and circulatory delay 13.3 ± 2.9 sec. Duty ratio media [ventilatory duration/cycle duration] was 0.522 ± 0 0.128 [0.308–0.700] 
and loop gain was calculated from the duty ratio utilizing this formula: LG = 2π / [(2πDR-sin(2πDR)]. All subjects have a high loop gain media 2.415 ± 1.761 
[1.175–6.260]. Multiple correlations were established with loop gain values, but the only significant correlation detected was between central apnea index and 
loop gain.
Conclusions: Twelve percent of the studied population had CAHA. Measurements of respiratory cycle in workers with CAHA are more similar to idiopathic 
central apneas rather than Hunter-Cheyne-Stokes respiration. Also, there was a high degree of correlation between severity of central apnea and the degree 
of loop gain. The abnormal breathing patterns in those subjects could affect the sleep quality and potentially increase the risk for work accidents.
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INTRODUCTION

John Tyndall, an Irish physicist interested in the glaciation phe-
nomena, described an abnormal breathing pattern associated 
with sleep during his first ascent of Mont Blanc in 1857.1 The 
first description of periodic breathing at altitude is attributed 
to Mosso in 1898.2 The pattern of periodic breathing is a com-
mon phenomenon in healthy adults exposed to altitude. It is 
considered that decrease of partial pressure of CO2 plays an 
important role in the genesis of this phenomenon, and inter-
mittent desaturation occurs due to the alternation of apneas 
or hypopneas of central origin.3,4 The notable increase in min-
ing activity in Peru over the last two decades has generated a 
need for human and technological resources at high altitudes 
areas of the Andes. Sixty-seven percent (67%) of the Peruvian 
extractive mining industry is concentrated in regions located 
above 2,000 MASL.5 The development of the mining industry 
demands that more workers be exposed to altitude levels in an 
intermittent fashion; workers stay at high altitude on work days 
and return to hometowns at low altitudes during their days off. 
This work schedule arrangement exposes them intermittently 
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to high altitude.6 In 1995, Jalil et al.7 recognized three types of 
exposures to high altitude: acute exposure to altitude, chronic 
exposure to altitude, and the intermittent exposure to altitude. 
Intermittent exposure is considered a third situation, a term 
coined by the investigators. The aim of this paper was to mea-
sure the variables of the breathing cycle to further character-
ize central apneas in workers exposed intermittently to high 
altitude.

BRIEF SUMMARY
Current Knowledge/Study Rationale: A respiratory polygraph was 
done on miners working at 2,020 meters’ altitude. The prevalence of 
central sleep apnea in those workers was higher than expected for 
that level of altitude. We hypothesize that the intermittent exposure 
to a higher working altitude and residing in a lower altitude area 
preclude the acquisition of acclimatization, which may predispose to 
developing high altitude central sleep apnea.
Study Impact: These central apneas have the characteristics of 
idiopathic central apnea (non-cardiogenic) and have a high loop gain; 
also, there was a significant direct correlation between the central 
apnea severity and the loop gain values.
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METHODS

The study was cross-sectional and descriptive. Probability sam-
pling was used. It was implemented in drivers of all-terrain 
vehicles who work in the mining camp La Granja located in 
Cajamarca, Peru, at 2,020 meters above sea level (MASL). The 
characteristics of the population, rotation, and shift systems 
have been described previously.8 We used the respiratory poly-
graph (RP) Apnea Link Plus (ResMed), a type III device ac-
cording to the classification of the American Academy of Sleep 
Medicine (AASM).9 Recordings were made on the first ​​night 
that the drivers slept at the mining camp. A total time registra-
tion (TTR) over 420 minutes was considered adequate for the 
analysis. Drivers answered the Epworth Sleepiness Scale (ESS) 
and the Lake Louise Scoring System (LLSS) for Acute Moun-
tain Sickness.10,11 They did not receive nocturnal oxygen ther-
apy and/or acetazolamide 4 weeks prior to the recording date.

Variables Defined from the Respiratory Polygraph
In order to qualify a RP test as central apnea at high altitude 
(CAHA), the following criteria had to be met:

1.	 ≥ 3 consecutive central apneas and/or central 
hypopneas separated by a crescendo and decrescendo 
change in breathing amplitude. Central hypopnea was 
defined as a decrease in the signal amplitude of the 
nasal cannula without flow flattening, snoring, and 
simultaneous reduction in thoracic effort.

2.	 Central apnea index of ≥ 5 or in TTR, and
3.	 More than 50% of events were central apneas and/or 

central hypopneas.
Criteria (1) and (2) were taken from the Task Force AASM 

paper,12 and (3) was considered by the authors.

Respiratory Cycle Measurement
Wedewardt criteria13 were used for respiratory cycle mea-
surements. Central apnea length (CAL) in sec, ventilatory 

length (VL) in sec: time period hyperventilation (TPV) cycle 
length (CL) in sec: CAL + VL, ventilatory length/central ap-
nea length ratio (VL/CAL), breath/hyperventilation (B/H): 
number of times breathing during ventilation phase, time to 
peak ventilation (TPV) in secs: period measured from the 
beginning to peak ventilation, circulation delay (CD) in secs: 
time between the completion of the central apnea and the 
nadir of SatO2Hb and Duty-ratio: ventilatory length/cycle 
length (Figure 1). The estimated loop gain was calculated 
according to Sands et al. from the formula LG = 2π / [(2πDR-
sin(2πDR)].14 The duty ratio has been assessed experimen-
tally in lambs by Edwards et al. in 2008 by using a modified 
mathematical linearization model of the oscillatory breathing 
pattern of periodic breathing and the apneic threshold where 
an increase in loop gain results in a decrease in DR.15 The 
same “duty ratio” [DR] method has also been used by Sands 
et al.14 to calculate loop gain in the context of the periodic 
breathing of heart failure. Thus, an increase or decrease in 
loop gain in the respiratory control cycle can be determined 
by calculating the DR. According to the criteria described, 
measurements were taken from 3 complete cycles of periodic 
breathing in each of the following hours registration: from 
22:00 hours to 00:00 (Period A), 00:00 to 02:00 (Period B), 
02:00 to 04:00 (Period C), and 04:00 to 06:00 (Period D). The 
measurements were performed using an 18.5-inch flat screen 
with a resolution of 1,360 × 768 pixels. The final results were 
calculated as a media and standard deviation in each case 
considering periods A to D.

Statistical Analysis
Statistical analysis was performed in Stata 11.1 program 
(STATA Corp, College Station, TX). The descriptive analysis 
was performed for quantitative variables (mean, standard de-
viation, minimum and maximum value) and for categorical 
variables (frequency). We used the covariance on two variables 
with the Pearson correlation coefficient.

Figure 1—Cycle measurements in Type III device.
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Ethical Issues
Drivers that participated in the study signed an informed con-
sent. The study was approved by the Committee on Bioethics 
from the British American Hospital of Lima. Independently, 
the Ethic Committee of Biomedical Research of the Hospital 
Nacional Dos de Mayo approved and authorized this study 
(Evaluation number 042-2012-CEIB-AI-OACDI-HNDM).

RESULTS

The total population were 70 drivers, 63 (90%) had a RP test. 
Four studies were excluded, two due to technical failures, one 
due to short recording time (less than 420 minutes), and one 
due to inadvertent removal of the nasal cannula during acquisi-
tion. There were 59 records that were valid, representing 84% 
of the population. Forty-six (78%) were normal test, 6 (10%) 
were consistent with obstructive sleep apnea (OSA), and 7 
(12%) with respiratory CAHA pattern. These 7 cases entered 
into the final analysis (Figure 2).

The demographic characteristics are presented in Table 1. 
Drivers were male with a BMI in the overweight range. The 
score of the ESS and LLSS were between normal ranges. The 
RP variables obtained from the 7 cases are presented in Table 2. 
The apnea-hypopnea index (AHI) media values were in severe 
range,16 and the events were predominantly central according 
to the criteria described with high T90 (percent of record time 

with oxygen saturation ≤ 90%) and T85 (percent of record time 
with oxygen saturation ≤ 85%) values. The oxygen saturation 
(SatO2) media and nadir SatO2 were low.

The ventilatory cycle measurement obtained in driv-
ers with HACA are presented in Table 3. They had short 
CAL, VL, CD, and the VL/CAL ratio was < 1. Duty ratio 
media was 0.522 ± 0.128 (0.308–0.700), and all subjects 
have a high loop gain media 2.41 ± 1.76 (1.17–6.26). Cor-
relation between duty ratio and loop gain is presented in 

Figure 2—Drive mine workers flow chart.

 

Table 1—Demographic description in 7 cases with high 
altitude central apnea.

Age (years) 37.3 ± 5.4 
Body mass index (kg/m2) 28.7 ± 3.2 
Cervical perimeter (cm) 42.1 ± 4.0 
Epworth Sleepiness Scale 3.4 ± 2.7 
Lake Louise acute mountain sickness scoring system 0.4 ± 0.8 
Meters above sea level birth 2,371 ± 259 
Meters above sea level home 341 ± 828 

Data presented as mean ± standard deviation.

Table 2—Respiratory polygraph type III variables in 7 drive 
mine workers with high altitude central apnea.

Total registered time (minutes) 473.7 ± 22.7
Apnea-hypopnea index 35.7 ± 19.3 
Apnea index 20.4 ± 16.3 
Obstructive apnea index 5.3 ± 6.4 
Central apnea index 13.4 ± 14.2 
Mixed apnea index 1.9 ± 2.5 
Central hypopnea index 15.3 ± 10.0 
Oxygen desaturation index 33.6 ± 17.2 
Basal oxygen saturation 94.4 ± 1.6 
Media oxygen saturation 90.9 ± 2.1 
Maximal oxygen desaturation value 79.9 ± 5.7 
Percent time registered with oxygen saturation ≤ 90% 43.7 ± 31.1 
Percent time registered with oxygen saturation ≤ 85% 4.9 ± 6.7 
Percent time registered with oxygen saturation ≤ 80% 1.0 ± 2.6 
Pulse rate media 62.6 ± 6.9 

Data presented as mean ± standard deviation.

Table 3—Ventilatory measurement in 7 drive mine workers 
with high altitude central apnea.

Central apnea length 14.4 ± 3.6
Ventilatory length 13.5 ± 2.9
Cycle length 26.5 ± 4.0
Ventilatory length/central apnea ratio 0.9 ± 0.3
Breathing number during hyperventilation 4.3 ± 0.6
Time to peak ventilation period 5.2 ± 1.1
Circulatory delay 13.3 ± 2.9
Loop gain 2.41 ± 1.76

Data presented as mean ± standard deviation.
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Figure 3. The r correlation between CAI and loop gain was 
high (r = +0.9168) (Figure 4).

DISCUSSION

As has been described by Berssenbrugge, Wickramasinghe, 
Nussbaumer-Ochner, and Ainslie, the sleep pattern at high 
altitude is different from sea level and is characterized by 
poor sleep quality, increased arousals, insomnia, remarkable 
hypoxemia, increase of light sleep stages, decrease in delta 
and REM sleep stages, and the appearance of high altitude pe-
riodic breathing.17–20 In our research, we concentrated on the 

breathing abnormalities occurring in patients exposed to high 
altitude. The following variables CAL, VL, and CD were short 
in duration. The VL/CAL was less than one; in addition, the 
circulation time was not prolonged and the cycle length was 
short. The previous findings are compatible with Solin’s de-
scription of non-cardiogenic central apnea.21

Using the ventilatory duration and the cycle duration, we 
were able to apply the formula published by Sands et al. to 
calculate the loop gain LG = 2π / [(2πDR-sin(2πDR)],14 where 
duty ratio was defined as a quotient between the ventilatory 
phase (ventilatory duration) divided by the duration of each 
cycle of apnea plus recovery breaths (cycle duration). Although 
there have been multiple and more sophisticated techniques to 

Figure 3—Correlation between duty ratio and lop gain.

 

Figure 4—Correlation loop gain and central apnea index.
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measure loop gain,22,23 we have used the Sand formula that can 
be calculated readily from the sleep parameters collected by 
portable monitoring technology.24

As was published by Ainslie et al., the central apnea du-
ration tends to shorten as the altitude increases.20 Moreover, 
Lombardi et al. found that males had more central apneas 
regardless of the level of altitude when compared to female 
subjects.25 In our sample population, the apnea duration and 
severity were higher than expected for the level of altitude. 
We would presume it is related to our study population having 
only male subjects and also the sleep study being performed 
on the first night of reaching higher altitude. We are hypoth-
esizing that a contributing factor to the increased likelihood 
of CAHA, could be the intermittent exposure to higher al-
titude that occur in the majority of our workers. The devel-
opment of the mining industry demands that more workers 
are intermittently exposed to altitude levels above sea level. 
In our population, workers stay at high altitude exclusively 
worked day shifts with variable rotations alternating work and 
return to hometowns at lower altitudes during their days off 
for 5–7 days. This intermittent exposure is being commonly 
seen in our country. In 2013, the formal labor force in Peru-
vian mining sector was 230,000 workers, and 60% worked 
in mining camps over 3,000 MASL. Therefore, a significant 
proportion of workers are exposed intermittently to high alti-
tude.6 Approximately 5% of GNP in Bolivia and 19.5% of the 
income for exports is generated by mining activities.26 Invest-
ments in mining activity increased by 120% in Argentina in 
2006.27 Also in Ecuador, investments in mining activity have 
increased during the last 10 years.28 Chile is the first copper 
world producer, and mining activities generate the 14.2% of 
GNP.29 In South America the main mining centers are located 
at high altitudes.

Andrews et al.30 indicated that an increased loop gain that 
occurs with hypobaric hypoxia in the altitude could be ex-
plained by enhanced peripheral chemo-sensitivity and in-
creased control gain secondary to low oxygen stores, leading 
to overall hyperventilation and ventilation instability. We were 
able to demonstrate in our sample population an increase in the 
loop gain, and to our knowledge, we are the first to describe 
a very significant correlation between the loop gain and the 
central apnea index.

The report has some limitations. The number of cases in-
cluded with CAHA is low; nevertheless, the final sample is 
representative of the of the entire driver population in this 
mine. The applied questionnaires have limitations related to 
their subjective character, recall bias, and defensive attitude 
adopted by the workers in order to protect their labor posi-
tion. It should also be noted that ventilatory cycle measure-
ments were performed with type III device, and the original 
descriptions13 used polysomnography. In the studies by Hall31 
and Ryan,32 the pulse oximetry probe was placed on the ear; 
while in the Wedeward13 and our study, the probe was placed 
on the finger, which could lead to different CL measurements. 
The oximetry sampling rate in our device was 1 per second 
that was below the ideal sampling rate 3 per second as was 
described by Davila et al.33,34 A recent abstract published com-
pared a set of 10 patients with obstructive sleep apnea who had 

polysomnography and home sleep testing on different days 
and they concluded that loop gain calculated by home sleep 
testing devices may not be as accurate as the one obtained by 
PSG technology.35

Although it was not part of our protocol, it would have been 
helpful to repeat the recording after 5–10 days of exposure 
to this level of high altitude to assess the role of acclimatiza-
tion on the events characteristics particularly on the loop gain 
changes if they ever occur. Although it was not an objective of 
our study, it is important to mention that one out of ten driv-
ers had OSA. It is well known and published by Pagel et al.,36 
that the high loop gain has been associated with CPAP titration 
failures.

In conclusion, the incidence of central sleep apnea is higher 
than expected for the level of altitude which could be due to 
multifactorial causes: all the subjects in our research were 
males, the study was recorded early in the acclimatization pro-
cess, and the potential role of intermittent exposure to high and 
low altitude in a short frame of time. Oxygen stores in high al-
titude are low and this can be the cause of increased loop gain 
that was found in workers. In our sample population a very 
significant correlation was established between loop gain level 
and the central apnea index. The presence of CAHA may af-
fect the sleep integrity and quality with day time consequences 
in the life of miners-drivers.

ABBRE VI ATIONS

AHI, apnea-hypopnea index
AI, apnea index
B/H, number of times breathing during ventilation phase
BMI, body mass index
CAHA, central apneas of high altitude
CAI, central apnea index
CAL, central apnea length
CD, circulation delay
CL, cycle length
CP, cervical perimeter
DR, duty ratio
ESS, Epworth Sleepiness Scale
LG, loop gain
LLSS, Lake Louise Scoring System
MASL, meters above sea level
MAI, mixed apnea index
OSA, obstructive sleep apnea
ODI, oxigen desaturation index
PR media, pulse rate media
PSG, polysomnography
RP, respiratory polygraph
SatO2Hb basal, basal oxigen saturation	
SatO2Hb media, media oxigen saturation
TTR, total time registration
T90, percent of record time with oxygen saturation ≤ 90%
T85, percent of record time with oxygen saturation ≤ 85%
T80 % percent of record time with oxygen saturation ≤ 80
TPV, time to peak ventilation period
VL, ventilatory lengthD
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