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 Cerebral Oxygenation in Patients With OSA     
 Eff ects of Hypoxia at Altitude and Impact of Acetazolamide   
  Silvia   Ulrich ,  MD ;  Yvonne   Nussbaumer-Ochsner ,  MD ;  Irena   Vasic ,  MD ;  Elisabeth   Hasler ,  MD ;  Tsogyal D.   Latshang ,  MD ; 
 Malcolm   Kohler ,  MD ;  Thomas   Muehlemann ,  PhD ;  Martin   Wolf ,  PhD ; and  Konrad E.   Bloch ,  MD ,  FCCP    

  BACKGROUND:    Sleep-disordered breathing may impair cerebral oxygenation in patients with 
OSA syndrome, in particular during altitude travel. We studied cerebral tissue oxygenation 
(CTO) at low and moderate altitude in patients with OSA and evaluated whether acetazol-
amide improved CTO. 
  METHODS:    Eighteen patients with OSA living at  ,  600 m discontinued CPAP therapy during 
studies in Zurich (490 m) and during two sojourns of 3 days in the Swiss Alps (2 days at 1,860 m 
and 1 day at 2,590 m) separated by a 2-week washout period at  ,  600 m. Patients received 
acetazolamide (2  3  250 mg/d) or placebo at altitude in a randomized, double-blind, crossover 
design. Nocturnal polysomnography, including CTO monitoring by near-infrared spectros-
copy (NIRS), was performed. 
  RESULTS:    At 490 m, medians of CTO, peripheral oxygen saturation as measured by pulse 
oximetry (Sp o  2 ), and apnea/hypopnea index were 65%, 93%, and 57.3/h, respectively. At 2,590 m, 
on placebo, the corresponding values were 59%, 86%, and 86.4/h, respectively ( P   ,  .05, all cor-
responding comparisons). Acetazolamide increased CTO and Sp o  2  at 2,590 m by mean values 
of 2% (95% CI, 0%-4%) and 2% (95% CI, 1%-3%), respectively, and reduced the apnea/hypopnea 
index by 23.4/h (95% CI, 14.0-32.8/h) ( P   ,  .05, all changes). Cerebral total hemoglobin con-
centration, a NIRS-derived surrogate refl ecting regional cerebral blood volume, increased 
by a similar degree in response to apneas at 490 m and 2,590 m and during acetazolamide and 
placebo treatment. 
  CONCLUSIONS:    In patients with OSA staying at altitude, nocturnal cerebral and arterial oxy-
genation were reduced in association with exacerbated sleep apnea. Acetazolamide partially 
improved CTO, Sp o  2 , and sleep apnea without impairing the cerebral blood fl ow response to 
apneas. 
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globin concentration; CTO  5  cerebral tissue oxygenation; NIRS  5  
near-infrared spectroscopy; Ptc co  2   5  P co  2  from transcutaneous cap-
nography; Sp o  2   5  peripheral oxygen saturation as measured by pulse 
oximetry 
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  OSA syndrome aff ects 5% to 10% of the population in 
many Western countries.  1   Th e disorder is characterized 
by repetitive upper-airway occlusion during sleep, 
resulting in apneas/hypopneas, arterial oxygen desatu-
ration, and sleep disruption. As a consequence, patients 
with OSA suff er from excessive daytime sleepiness, 
cognitive impairment, and reduced quality of life. 
Moreover, they are at increased risk of experiencing 
cardiovascular and cerebrovascular diseases.  2,3   Studies 
at low altitude suggest that cerebral oxygenation and 
cerebrovascular autoregulation are impaired in patients 
with OSA during sleep and that some patients have 
structural and metabolic alterations of the brain.  4-6   
Th erefore, patients with OSA may be particularly sus-
ceptible to the adverse eff ects of hypobaric hypoxia at 
altitude, which impairs cerebral oxygenation and 
cerebrovascular autoregulation even in healthy 
subjects.  7,8   

 In a previous study, we observed that untreated 
patients with OSA staying at an altitude of 1,860 m and 
2,590 m experienced an exacerbation of sleep-related 
breathing disturbances with pronounced nocturnal 
hypoxemia when compared with values near sea level.  9   
In a subsequent randomized, placebo-controlled trial, 
we found that acetazolamide (500 mg/d  ), taken as the 
sole therapy by patients with OSA during a stay at 
1,860 m and 2,590 m, partially improved nocturnal 
arterial oxygen saturation and sleep apnea.  10   In another 
study, acetazolamide (750 mg/d  ) combined with computer-
controlled nocturnal CPAP therapy completely normal-

ized the breathing disturbances of patients with OSA 
during an altitude sojourn.  11   Th erefore, computer-
controlled nocturnal CPAP therapy and acetazolamide 
have been recommended as the preferred treatment of 
patients with OSA staying at moderate altitude for a 
few days.  12   

 Acetazolamide promotes renal elimination of bicar-
bonate, thereby inducing a metabolic acidosis.  10   Th e 
resulting stimulation of ventilation increases arterial 
oxygen saturation but enhances the altitude-induced 
hyperventilation and hypocapnia, which may reduce 
cerebral blood fl ow and oxygenation.  13   Whether 
such possible undesirable eff ects of acetazolamide 
occur in patients with OSA at altitude has not been 
evaluated. 

 Th erefore, the aim of the current study was to nonin-
vasively monitor nocturnal cerebral tissue oxygenation 
(CTO) using near-infrared spectroscopy (NIRS) in 
patients with OSA participating in a randomized, placebo-
controlled trial of acetazolamide during a stay at 
moderate altitude.  10   Total hemoglobin concentration 
(CtHb) was also monitored by NIRS as a surrogate 
measure refl ecting changes in regional cerebral blood 
volume in response to apneas/hypopneas.  6,14,15   We 
hypothesized that cerebral oxygenation during nights 
spent at 2,590 m would be decreased compared with 
nights at 490 m, and that acetazolamide would miti-
gate the altitude-related reduction in cerebral 
oxygenation. 

 Materials and Methods 
 Th is study was performed as part of a randomized, placebo-controlled, 
double-blind trial evaluating the eff ects of acetazolamide in patients 
with OSA during an altitude sojourn. Th e experimental design, patient 
selection, and results of sleep and nocturnal breathing pattern analy sis 
have been published.  10   Data on CTO, the topic of the current study, 
were not part of the previous report. The protocol was approved by 
the institutional ethics committee (Kantonale Ethikkomission Zürich, 
EK-1522), and subjects gave written informed consent to participate. 

 Patients 
 Patients with OSA to whom CPAP therapy had been administered were 
asked to participate if they were 20 to 80 years of age and living at an 
altitude below 600 m, and if the diagnosis of OSA was documented 
by medical records and a history of excessive sleepiness in associa-
tion with an apnea/hypopnea index (AHI)  .  20/h before initiation 
of CPAP treatment. Th e following conditions excluded patients from 
study admission: a current oxygen desaturation index ( .  3%)  ,  15/h 
during ambulatory nocturnal peripheral oxygen saturation as mea-
sured by pulse oximetry (Sp o  2 ) or an obstructive AHI  ,  10/h after 
3 nights of CPAP withdrawal at 490 m; unstable cardiovascular 
disease; any lung disease; internal medical, neurologic, or psychi-
atric disease; or use of drugs that interfere with sleep and control of 
breathing. 

 Study Design and Protocol 
 From August to October 2008, we performed a randomized, placebo-
controlled, double-blind, crossover trial evaluating the eff ects of acet-
azolamide in patients with OSA staying at altitude while discontinuing 
their CPAP therapy. Th e trial comprised baseline evaluations for 1 day 
in Zurich (490 m [barometric pressure, 717 mm Hg], either before or 
aft er altitude studies), and two altitude sojourns, lasting for 3 days each, 
in Alpine villages at 1,860 m (Davos Schatzalp [607 mm Hg], 2 days) 
and at 2,590 m (Davos Jakobshorn [554 mm Hg], 1 day), respectively, 
separated by a 2-week washout period at  ,  600 m. 
 Patients were randomized to receive acetazolamide (250 mg, bid) dur-
ing the first altitude sojourn, and identical-looking placebo tablets 
during the second altitude sojourn, or vice versa, according to a ran-
domized, balanced block design ( Fig 1   ). Because only one NIRS device 
was available, only one-half of the study participants, determined at 
random, underwent NIRS recordings ( Fig 1 ). Transportation between 
study locations was by train, bus, and cable car. CPAP therapy was dis-
continued for 3 nights before beginning the studies and during altitude 
sojourns. 

 Assessments 
 Patients underwent daily questionnaires and clinical examinations. Poly-
somnography was performed from approximately 10:00  pm  to 6:00  am   , 
as described previously.  10   In addition to standard measurements, it 
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included P co  2  from transcutaneous capnography (Ptc co  2 ) and contin-
uous NIRS monitoring. NIRS noninvasively measures concentrations of 
oxygenated and deoxygenated hemoglobin in the cerebral tissue by trans-
luminating the skull by a light source placed on the skin and recording the 
refl ected light in the near-infrared range. Cerebral tissue oxygen satura-
tion (oxygenation) and CtHb are derived mathematically (see later data 
analysis).  16   A miniaturized, battery-powered NIRS device designed at our 
center was used.  17,18   Its optical probe comprised two pairs of light sources 
emitting at 760 and 870 nm, respectively, and two light sensors (source-
detector distances of 14 and 22 mm, respectively) monitoring two super-
fi cial regional brain volumes, within a distance of 4 cm. Th e NIRS device 
was fi xed and secured with elastic bandages high on the forehead where 
bone thickness is at its minimum and sinuses are avoided. NIRS data were 
transmitted by wireless connection to a personal computer and were 
recorded continuously at a rate of 1 Hz during the entire sleep study. 

 Data Analysis and Statistics 
 Polysomnography was analyzed according to standard criteria, as 
described previously,  10,11,19   by an investigator blinded to the location, 
treatment, and clinical data. Tracings of variables derived by NIRS 
(ie, regional CTO [CTO  5  ratio of oxygenated/(oxygenated  1  deoxy-

genated) hemoglobin concentration] and regional total cerebral tis-
sue hemoglobin concentration [CtHb  5  oxygenated  1  deoxygenated 
hemoglobin concentration]) were inspected visually on a computer 
screen, along with fi nger Sp o  2 . Technical failures and occasional motion 
artifacts defi ned by loss of signal or brisk changes of the NIRS or Sp o  2  
signals were excluded from analysis. Individual mean values and SDs 
of CTO and Sp o  2  from overnight recordings were determined. The 
response to apneas/hypopneas was evaluated in three consecutive 
obstructive apnea/hypopnea cycles during non-rapid eye movement   
sleep. Mean values were recorded for the apnea/hypopnea cycle time 
and for the following variables quantifying the extent and dynamic 
changes of cerebral and arterial oxygenation and of regional cerebral 
blood volume ( Fig 2   ): baseline values of CTO and Sp o  2 ; desaturation 
amplitude; time from beginning of desaturation to the nadir; rise in 
CtHb, a surrogate of regional cerebral blood volume changes; and time 
from start of CTO drop to the CtHb peak. 

 Nonnormally distributed data are summarized as medians (quartiles), 
normally distributed data as means (95% CIs). Eff ects of altitude and of 
acetazolamide were evaluated by Wilcoxon matched pairs tests and by 
computing mean diff erences with 95% CIs. A probability of  P   ,  .05 was 
considered statistically signifi cant. 

  Figure 1  –  Patient fl ow. Patients were randomized to a study drug sequence (either acetazolamide or placebo during the fi rst altitude sojourn) and to 
PSG with or without NIRS monitoring. AHI  5  apnea/hypopnea index; NIRS  5  near-infrared spectroscopy; ODI  5  oxygen desaturation index ( .  3%); 
PSG  5  polysomnography.   

Downloaded From: http://journal.publications.chestnet.org/ by a Imperial College London User  on 08/07/2014

http://journal.publications.chestnet.org


 302   Original Research     [    1 4 6  #  2    C H E S T    AU G U S T    2 0 1 4    ] 

  Figure 2  –  Nocturnal NIRS and fi nger SpO2 recordings in a patient at 490 m and at 2,590 m (on placebo). A, Entire nights (7.5 h) with large swings of 
fi nger SpO2 and more moderate swings of CTO that depart from lower baseline levels. B, 3-min episode of the recording at 2,590 m. Nasal cannula 
pressure swings show several apnea/hyperpnea   cycles and corresponding changes in SpO2, CTO, O2Hb, HHb, and CtHb. Variables listed in  Table 2  are 
marked: SpO2 baseline (S1); SpO2 nadir (S2); SpO2 desaturation amplitude  5  diff erence in amplitude between S1 and S2; SpO2 desaturation time to 
nadir  5  diff erence in time between S1 and S2; CTO baseline (C1); CTO nadir (C2); CTO desaturation amplitude  5  diff erence in amplitude between C1 
and C2; CTO desaturation time to nadir  5  diff erence in time between C2 and C1; CtHb rise in amplitude  5  H2  2  H1; CtHb time from start of CTO 
drop from baseline (C1) to CtHb peak  5  diff erence in time between H2 and C1. au  5  arbitrary units; CtHb  5  total hemoglobin concentration; 
CTO  5  cerebral tissue oxygenation; HHb  5  deoxygenated hemoglobin; O2Hb  5  oxygenated hemoglobin; SpO2  5  peripheral oxygen saturation as mea-
sured by pulse oximetry. See  Figure 1  legend for expansion of other abbreviations  .   
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 Results 
  Figure 1  illustrates the patient flow. A total of 
24 patients underwent polysomnography with NIRS 
recordings. Data from one patient had to be excluded 
aft er study completion according to the predefi ned cri-
teria because baseline polysomnography at 490 m 
revealed an obstructive AHI  ,  10/h; data from fi ve 
patients had to be excluded because of technical failures 
or insuffi  cient quality of NIRS or Sp o  2  recordings. Th e 
fi nal analysis included data from 18 patients (one 
woman). Th e median (quartiles) age of the study partic-
ipants was 61 years (58-65 years), BMI was 32 kg/m 2  
(31-38 kg/m 2 ), and the AHI during CPAP withdrawal 
was 57.3/h (46.5-67.3/h). 

 Eff ects of Altitude on Cerebral and Arterial 
Oxygenation, Breathing, and Sleep 

 Th e results of the sleep studies are summarized in 
 Table 1   . In patients using placebo at 2,590 m, nocturnal 
CTO, Sp o  2 , and Ptc co  2  were signifi cantly reduced com-
pared with the corresponding values at 490 m. Th e vari-
ability of CTO quantifi ed by the SD remained unchanged 
at 2,590 m, whereas the SD of Sp o  2  was larger than at 
490 m. Th is was consistent, with a signifi cantly higher 
AHI (median of 86.4/h) at 2,590 m than the corre-
sponding value at 490 m (57.3/h) related to an increase 
in central AHI. Th ere was a 10% decrease in sleep effi  -
ciency and a 3% reduction in slow-wave sleep at 2,590 m 
compared with 490 m, whereas changes in rapid eye 
movement sleep were not statistically signifi cant. 

 Eff ects of Acetazolamide on Cerebral and Arterial 
Oxygenation, Breathing, and Sleep at 2,590 m 

 Acetazolamide signifi cantly increased CTO and Sp o  2  
compared with values during placebo treatment at 
2,590 m. Th e increase was similar for CTO and Sp o  2 , 
so the diff erences between CTO and Sp o  2  remained 
unchanged. Acetazolamide reduced the total and the 
central AHI and increased the total sleep time and sleep 
effi  ciency ( Table 1 ). 

 Cerebral and Arterial Oxygenation During 
Apnea/Hypopnea Events at 490 m and 2,590 m 
During Placebo and Acetazolamide Treatment 

 The effects of apneas/hypopneas on variables derived 
by NIRS, Sp o  2 , and Ptc co  2  are summarized in  Table 2    
and illustrated in  Figure 3   . For this analysis, data 
were available from 13 patients who had obstructive 
apneas/hypopneas and corresponding NIRS and Sp o  2  
recordings of satisfactory quality at 490 m and from 

18 patients studied at 2,590 m on placebo and 
17 patients on acetazolamide. Compared with 490 m, 
baseline values of CTO, Sp o  2 , and Ptc co  2  were signif-
icantly lower at 2,590 m during placebo treatment. In 
addition, apnea/hypopnea-related CTO and Sp o  2  
desaturations were larger at 2,590 m, although the 
apnea/hypopnea cycle time was shorter. Therefore, 
the slopes of CTO and Sp o  2  desaturations were 
steeper and the nadirs occurred earlier at 2,590 m 
compared with 490 m ( Fig 3 ). Apnea/hypopnea 
events were associated with a similar increase in 
CtHb at 490 m and at 2,590 m during placebo treat-
ment, but the increase in CtHb relative to the corre-
sponding (greater) drop in CTO was reduced at 
2,590 m ( Table 2 ). 

 In comparison with placebo, acetazolamide increased 
the baseline values of both CTO and Sp o  2  at 2,590 m, 
and it prolonged the apnea/hypopnea cycle time and 
the time to the CTO and Sp o  2  desaturation nadirs, 
resulting in a reduced slope of Sp o  2  desaturations 
( Fig 3 ). Th e increase in CtHb in response to CTO 
desaturations occurred signifi cantly earlier during 
acetazolamide compared with placebo treatment ( Fig 3 , 
 Table 2 ), and the CtHb increase tended to be greater 
( P   5  .14) despite a more pronounced hypocapnia 
during acetazolamide treatment ( Table 2 ). Th e ratio of 
CtHb increase to CTO decrease remained unchanged 
by acetazolamide. 

 Discussion 
 The current randomized, crossover trial demonstrates 
that patients with OSA discontinuing their CPAP 
therapy during a stay at moderate altitude experience 
a reduction of both cerebral (CTO) and arterial 
oxygen saturation (Sp o  2 ) in association with exacer-
bated sleep apnea caused by central apneas/
hypopneas. In a randomized, placebo-controlled, 
double-blind comparison, our trial further shows that 
acetazolamide taken during an altitude sojourn par-
tially prevents the fall in nocturnal CTO and Sp o  2  and 
reduces the breathing disturbances of otherwise 
untreated patients with OSA. Acetazolamide did not 
adversely affect the changes in the NIRS-derived 
measures of the cerebrovascular response to apneas/
hypopneas (ie, the changes in CtHb), suggesting that 
the regulation of cerebral blood flow was not altered 
by the drug although it enhanced hypocapnia at alti-
tude. The results of the current trial, therefore, sug-
gest that patients with OSA unable to have CPAP 
therapy administered during an altitude sojourn may 
benefit from acetazolamide therapy. 
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  TABLE 1   ]      Cerebral and Arterial Oxygenation, Breathing, and Sleep at 490 m and 2,590 m; Effect of Acetazolamide (n  5  18)  

Variable
 490 m, Off  CPAP, Median 

(Quartiles) 
 2,590 m, Placebo, Median 

(Quartiles) 
 2,590 m-490 m, 

  D  (95% CI)  
 2,590 m, Acetazolamide, 

Median (Quartiles) 
 Acetazolamide-Placebo at 2,590 m, 

  D  (95% CI)  

CTO, mean, % 65 (63; 68) 59 (56; 62)  2   6  a   ( 2 8   to  2 4) 61 (59; 64) 2  a   (0 to 4)

CTO, SD of mean, % 2 (2; 3) 3 (2; 5) 0 ( 2 1 to 2) 3 (3; 4) 0 ( 2 1 to 1)

Sp O  2  nocturnal, % 93 (92; 94) 86 (84; 87)  2 7  a   ( 2 9 to  2 6) 89 (86; 90) 2  a   (1 to 3)

Sp O  2 , SD of mean, % 3 (2; 3) 5 (3; 6) 2  a   (1 to 3) 4 (3; 5)  2 1 ( 2 2 to 0)

Difference Sp O  2 -CTO, % 28 (25; 30) 27 (22; 31) 1 ( 2 2 to 4) 25 (24; 29) 0 ( 2 3 to 2)

Ptc CO  2 , mm Hg 48 (45; 50) 39 (37; 40)  2 9  a   ( 2 11 to  2 2) 37 (35; 41)  2 1 ( 2 4 to 2)

AHI total, 1/h 57.3 (46.5; 67.3) 86.5 (70.0; 117.0) 36.4  a   (27.1 to 45.8) 67.4 (52.3; 91.5)  2 23.4  a   ( 2 32.8 to  2 14.0)

AHI obstructive, 1/h 49.6 (42.2; 62.2) 61.3 (33.9; 75.0) 1.3 ( 2 9.3 to 11.8) 48.2 (35.7; 76.3)  2 0.2 ( 2 10.9 to 10.5)

AHI central, 1/h 0.8 (0.2; 1.8) 30.7 (21.2; 48.2) 35.2  a   (22.4 to 48.0) 8.6 (5.0; 17.5)  2 23.2  a   ( 2 33.1 to  2 13.3)

Total sleep time, min 293 (221; 329) 274 (237; 386) 11 ( 2 27 to 50) 397 (323; 422) 90  a   (55 to 124)

Sleep effi ciency, % 65 (54; 84) 53 (44; 69)  2 10  a   ( 2 16 to  2 3) 74 (59; 84) 17  a   (11 to 23)

Slow-wave sleep, % 8 (2; 15) 5 (0; 10)  2 3  a   ( 2 6 to  2 1) 1 (0; 10) 0 ( 2 2 to 2)

REM sleep, % 8 (4; 12) 4 (0; 12) 0 ( 2 5 to  2 5) 10 (0; 12) 0 ( 2 5 to 5)

 AHI  5  apnea/hypopnea index; CTO  5  cerebral tissue oxygenation; Ptc CO  2   5  P CO  2  from transcutaneous capnography  ; REM  5  rapid eye movement; Sp O  2   5  peripheral oxygen saturation as measured by pulse oximetry. 
  a  P   ,  .05. 
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  TABLE 2   ]     Cerebral and Arterial Oxygenation During Apneas/Hypopneas at 490 and 2,590 m 

Variable
 490 m, Off  CPAP (n  5  13), 

Median (Quartiles) 
 2,590 m, Placebo (n  5  18), 

Median (Quartiles) 
 2,590 m-490 m,  

D  (95% CI)  
 2,590 m, Acetazolamide 

(n  5  17), Median (quartiles) 
 Acetazolamide-Placebo 
at 2,590 m,  D  (95% CI)  

CTO baseline, % 67 (63; 71) 61 (56; 64)  2 8  a   ( 2 14 to  2 2) 67 (62; 68) 5  .2  a     (1.1 to 9.3)

CTO desaturation amplitude, % 3 (2; 4) 5 (3; 7) 3  a   (0 to 6) 4 (3; 4)  2 2 ( 2 5 to 3)

CTO desaturation time to nadir, s 18 (16; 23) 18 (14; 19)  2 2.8 ( 2 8.1 to 2.5) 21 (17; 24) 4.4  a   (2.2 to 6.6)

CTO desaturation slope, %/s  2 0.17 ( 2 0.14;  2 0.23)  2 0.34 ( 2 0.21;  2 0.41)  2 0.25  a   ( 2 0.04 to  2 0.46)  2 0.18 ( 2 0.14;  2 0.24) 0.16 ( 2 0.02 to 0.34)

Sp O  2  baseline, % 98 (96; 98) 89 (86; 92)  2 9  a   ( 2 13 to  2 4) 93 (92; 93) 4  a   (1 to 7)

Sp O  2  desaturation amplitude, % 9 (6; 14) 13 (10; 14) 3  a   (2 to 6) 13 (6; 9)  2 1 ( 2 3 to 4)

Sp O  2  desaturation time to nadir, s 23 (21; 33) 17 (14; 21)  2 10 ( 2 16 to 4) 24 (17; 30) 6  a   (2 to 10)

Sp O  2  desaturation slope, %/s  2 0.31 ( 2 0.27;  2 0.49)  2 0.78 ( 2 0.43;  2 0.96) 0.42  a   (0.23 to 0.60)  2 0.54 ( 2 0.34;  2 0.61) 0.21  a   (0.04 to 0.38)

 D  Desaturation amplitude 
 Sp O  2 -CTO, %

6  b   (4; 5) 10  b   (4; 12)  2 1 ( 2 5 to 4) 7  b   (3; 13) 1 ( 2 5 to 6)

CtHb increase amplitude, au 18.9 (15.4; 22.1) 16.7 (13.8; 21.4)  2 0.5 ( 2 6.2 to 5.3) 18.6 (15.5; 26.8) 4.1 ( 2 3.4 to 11.5)

CtHb increase slope, au/s 1.28 (0.84; 1.56) 1.17 (0.77; 1.79) 0.32 ( 2 0.32 to 0.96) 1.44 (0.97; 1.92) 0.43 ( 2 0.3 to 1.2)

CtHb time from start of CTO drop to 
 CtHb peak, s

21.7 (16.7; 23.3) 24.3 (18; 29)  2 2.6 ( 2 10.3 to 5.1) 17.8 (9.7; 26.8)  2 5.3  a   ( 2 10.2 to  2 0.3)

CtHb increase/CTO drop, au/% 6.6 (5.6; 7.3) 2.6 (2.1; 5.6)  2 3.3  a   ( 2 5.2 to  2 1.4) 5.4 (3.8; 9.1) 5.2 ( 2 1.9 to 12.2)

Apnea/hypopnea cycle time, s 40.9 (35.4; 46.5) 30.8 (27.4; 34.1)  2 8.8  a   ( 2 17.5 to  2 0.1) 39.6 (33.5; 45.7) 8.8  a   (5.1 to 12.5)

Ptc CO  2 , mm Hg 41 (38; 44) 31 (27; 34)  2 10  a   ( 2 13 to  2 8) 29 (27; 31)  2 2  a   ( 2 3 to  2 0)

 Variables were measured during three consecutive obstructive apneas/hypopneas per patient. Variables are illustrated in  Figures 2 and 3 . au  5  arbitrary units; CtHb  5  total hemoglobin concentration, the 
surrogate of cerebral blood volume in au. See  Table 1  legend for expansion of other abbreviations. 
  a  P   ,  .05. 
  b  P   ,  .05 for diff erence Sp O  2 -CTO. 
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  Figure 3  –  Variables derived from SpO2, CTO, and CtHb during apnea/
hypopnea events. Medians for the group of patients at 490 m and at 
2,590 m are shown for baseline values at the beginning of apneas/hypop-
neas (time  5  0, corresponding to S1, C1, and H1 in  Figure 2 ) and for 
subsequent changes to nadirs (CTO, SpO2) and peaks (CtHb), corre-
sponding to S2, C2, and H2, respectively, in  Figure 2 . SpO2 and CTO 
measured at 2,590 m, on placebo ( !  connected with lines), depart from 
lower baseline values and drop to deeper nadirs at the end of apneas, 
compared with corresponding values at 490 m ( "  connected with lines). 
Acetazolamide partially restores SpO2 and CTO ( # ) toward values 
measured at 490 m; moreover, acetazolamide treatment results in CtHb, 
the surrogate of cerebral blood volume, reaching its peak earlier aft er the 
fall of CTO, compared with placebo. * P   ,  .05 vs 490 m; ¶ P   ,  .05 vs pla-
cebo. For clarity of presentation, medians are shown without quartiles; 
corresponding data are listed in  Table 2 . See  Figure 2  legend for expan-
sion of abbreviations.   

 To our knowledge, the current study is the fi rst to 
monitor CTO in patients with OSA not only during 
daytime naps or short periods of nocturnal sleep, but 
during entire nights. Th e mean nocturnal CTO of 65% 
at 490 m ( Table 1 ) is comparable to corresponding 
values of 65% and 71% to 72% recorded during day-
time naps in two previous studies in 13 and eight 
untreated patients with OSA, respectively.  5,20   We found 
that CTO dropped to a lesser extent than Sp o  2  during 
nocturnal apneas/hypopneas (ie, 3% vs 9% at 490 m) 
( Table 2 ), possibly because of compensatory mecha-
nisms protecting the brain from pronounced hypoxia. 
Doppler ultrasound measurements have suggested that 
middle cerebral artery blood fl ow transiently increases 
in healthy subjects exposed to hypercapnia or hyp-
oxia  21   and in patients with OSA over the course of 
obstructive apneas.  4   Other studies in patients with 
OSA revealed a rise in intracranial pressure during 

obstructive apneas consistent with a transient increase 
in intracranial blood volume.  22   Accordingly, CtHb, the 
NIRS-derived measure of regional cerebral blood vol-
ume, increased over the course of apneas/hypopneas in 
the current study ( Fig 3 ,  Table 2 ). 

 During the nights at 2,590 m, patients with OSA treated 
with placebo revealed signifi cantly lower values of CTO 
and Sp o  2  (59% and 86%) compared with the nights at 
490 m (CTO and Sp o  2  of 65% and 93%, respectively) 
( Table 1 ). Th is was associated with a rise in the AHI, 
mainly caused by the emergence of central apneas/
hypopneas, and a reduction in Ptc co  2  consistent with 
hypoxic stimulation of ventilation.  10   To our knowledge, 
the eff ect of altitude exposure on CTO during sleep has 
not been reported in patients with OSA. In 20 healthy 
volunteers monitored by NIRS during wakefulness at 
150 m, and upon arrival at 2,770 m, CTO fell from 70% 
to 67%, whereas Sp o  2  fell from 98% to 92%.  23   Th e higher 
values of CTO and Sp o  2  in the cited,  23   compared with 
the current, report may relate to diff erences in study 
participants (young, healthy subjects vs older patients 
with OSA), wakefulness vs sleep state, and diff erences 
in NIRS technology. 

 Although the dips in CTO and Sp o  2  that patients with 
OSA experienced during apneas/hypopneas were 
greater at 2,590 m than at 490 m, the increases in CtHb 
were similar at both altitudes ( Fig 3 ,  Table 2 ). Th us, the 
combination of a reduced baseline CTO with larger, 
apnea-related dips, and the lack of enhanced blood fl ow 
response, may have exposed the brains of patients with 
OSA to considerable hypoxia at altitude. For compar-
ison, the drop in ipsilateral CTO aft er unilateral internal 
carotid artery clamping during endarterectomy was 
8%,  24   similar to the drop in CTO that occurred with 
ascent to 2,590 m in patients with OSA ( Fig 3 ,  Tables 1, 2 ). 
Moreover, CTO in patients with OSA decreased even 
further, by a median of 5% during apneas/hypopneas, 
and in certain patients, the apnea-related drop in CTO 
exceeded the drop of 13% associated with severe cere-
bral ischemia and brain dysfunction in neurosurgical 
patients.  25   

 In comparison with placebo, acetazolamide increased 
the mean nocturnal CTO and Sp o  2  by 2%, and it signifi -
cantly reduced the AHI in patients with OSA during 
their sojourn at 2,590 m ( Table 1 ). Although the apnea-
related rise in CtHb was not statistically signifi cantly 
increased by acetazolamide, the rise in CtHb in relation 
to CTO desaturation tended to be greater, and the peak 
of CtHb was reached earlier aft er the onset of CTO 
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desaturations during acetazolamide compared with pla-
cebo treatment ( Fig 3 ,  Table 2 ). Acetazolamide 
improved the AHI at altitude only partially and was 
mainly related to a significant reduction in central 
apneas/hypopneas. Nevertheless, the increases in CTO 
achieved by acetazolamide may still be essential in 
patients with OSA with preexisting metabolic and struc-
tural alterations of the brain,  26,27   cerebrovascular disease, 
impaired autoregulation due to OSA,  4   and altitude-
related hypoxemia.  7   

 Our study has several limitations. We purposely 
excluded patients with unstable cardiovascular disease 
or lung disease and those older than 80 years who may 
have been particularly susceptible to the adverse eff ects 
of hypoxia. Moreover, a more pronounced exposure to 
hypoxia was avoided by selecting an only moderately 
elevated study location and by letting participants accli-
matize for 2 days at 1,860 m before ascending further to 
2,590 m. Because of logistic limitations, we could not 
perform NIRS recordings in all patients participating in 
the trial. We feel that this did not bias the current data 
because patients were allocated randomly to NIRS 

recordings. Our data do not allow the determination of 
the various physiologic factors that may have contrib-
uted to changes in CTO at altitude and with acetazol-
amide therapy, including arterial oxygen saturation and 
regional changes in cerebral perfusion and metabolism. 
Th e signals recorded by certain NIRS devices can be 
infl uenced by extracranial vessels,  28   but NIRS accurately 
tracked trends of changes in cerebral oxygenation in a 
number of studies in comparison with intracerebral 
oxygen sensors, jugular venous oxygen saturation, and 
by evaluating eff ects of internal carotid artery clamping, 
and other interventions.  24,25,29,30   

 Conclusions 
 In conclusion, our study shows that untreated patients 
with OSA experience considerable cerebral hypoxia 
during overnight sleep, in particular when staying at 
altitude. If CPAP therapy is not feasible, patients with 
OSA may benefi t from acetazolamide treatment during 
altitude travel because it prevents precipitous drops in 
cerebral and arterial oxygenation and improves the 
breathing disturbances without impairing the cerebro-
vascular response to apneas. 
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