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  Abstract   High  fl ow nasal insuf fl ations (NI) can improve gas exchange and alleviate dyspnea in 
patients with acute respiratory failure. In the present study we investigated the effects of high  fl ow 
nasal insuf fl ations in COPD patients with chronic hypercapnic respiratory failure (HRF). Seventeen 
patients with severe COPD and HRF were recruited. We delivered a mixture of 20 L/min room air and 
2 L/min O 

2
  through a nasal cannula either into both nostrils (NI) or into one nostril (Partial NI). 

Respiratory pattern and PaCO 
2
  responses under NI were compared with low  fl ow oxygen of 2 L/min. 

High  fl ow nasal insuf fl ations led to a systematic reduction in respiratory rate from 19.8 ± 4.2 at 
baseline to 18.0 ± 4.7 during NI (p < 0.008) and 18.1 ± 5.2 breaths/min during Partial NI (P < 0.03). The 
mean group inspiratory duty cycle (T 

I
 /T 

T
 ) and mean group PaCO 

2
  remained constant between all 

experimental conditions. Individual responses to NI were heterogeneous: six patients demonstrated 
marked reductions in respiratory rate (>20% fall from baseline), another group (n = 6) demonstrated 
no change in respiratory rate but marked reductions in arterial carbon dioxide of more than 8 mmHg. 
In conclusion, high  fl ow (20 L/min) nasal insuf fl ations of warm and humidi fi ed air during wakeful-
ness for 45 min reduced respiratory rate without deterioration of hypercapnia. Our data indicate that 
high  fl ow NI improved ef fi ciency of breathing and may be used as an adjunct to low  fl ow oxygen for 
preventing hypercapnic respiratory failure in severely ill COPD patients.  

  Keywords   COPD  •  Dyspnea  •  Gas exchange  •  Hypercapnic respiratory failure  •  Nasal high  fl ow  
•  Respiratory rate    

    4.1   Introduction 

 Chronic obstructive pulmonary disease (COPD) has a large impact on health worldwide. It is the 
fourth leading cause of both chronic morbidity and mortality in Western societies (Halbert et al.  2006 ; 
Mathers and Loncar  2006 ; Jemal et al.  2005 ; Fang et al.  2011  ) . Disturbances in oxygenation and 
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ventilation are commonly observed in patients with COPD and are recognized causes of increased 
mortality in COPD (Anthonisen  1983  ) . Thus, a major target for treatment is the improvement in both 
oxygenation and ventilation, both of which have been shown to reduce mortality, particularly in 
patients with severe COPD (Report of the Medical Research Council  1981 ; Nocturnal Oxygen 
Therapy Trial Group  1980  ) . 

 Low  fl ow oxygen at a rate of 2–5 L/min is the mainstream treatment option for reducing mortality 
in hypoxemic patients with severe COPD. Oxygen administration for at least 15–18 h/day leads to 
almost 50% decrease in 5 year mortality compared with untreated controls. Although long-term low 
 fl ow oxygen (LTOT) clearly bene fi ts patients’ outcome, many patients do not adhere to this treatment. 
The primary reasons for low adherence are complaints of drying out of nasal mucosa and frequent 
nose bleeds, lack of alleviating dyspnea, and high cost of oxygen treatment. Non-invasive ventilation 
(NIV)  via  a nasal/facial mask has been proposed to offer an alternative or adjunct to LTOT, but adher-
ence rates are even lower than those for LTOT    (Clini et al.  2002 ; Wijkstra et al.  2003 ; McEvoy et al. 
 2009  ) . Thus, low  fl ow oxygen and NIV are hampered by either signi fi cant side effects or reduced 
adherence leaving a majority of patients with severe COPD insuf fi ciently treated. 

 Recently, insuf fl ation of high nasal air fl ow of warm and humidi fi ed room air has been introduced to 
stabilize breathing pattern in adults and children with obstructive sleep apnea (Schneider et al.  2000 ; 
McGinley et al.  2009  ) . Moreover, several case reports indicate that this treatment can improve gas 
exchange and alleviate dyspnea (Roca et al.  2010  ) . The effects of high  fl ow nasal insuf fl ation of room 
air (NI at 20 L/min) on gas exchange and breathing pattern in patients with severe COPD remain unclear. 
Therefore, in the present study we examined the effects of nasal insuf fl ation on arterial blood gases, 
respiratory rate and inspiratory duty cycle in COPD patients who had chronic hypercapnic respiratory 
failure and required 1–2 L/min oxygen for maintaining normal levels of oxyhemoglobin levels. We 
hypothesized that nasal insuf fl ation of room air would stabilize breathing pattern and gas exchange.  

    4.2   Methods 

    4.2.1   Subjects 

 This study was approved by the Ethics Committee of the University Witten-Herdecke. This study is 
registered under clinical trials.gov NCT01090544. Each participant was provided with the study 
information and enrolled in the study upon written consent. Baseline demographics and respiratory 
function are displayed in Table  4.1 . All participants were recruited from the Pneumological Ward of 

   Table 4.1    Baseline 
demographics and respiratory 
function of 17 patients   

 Characteristics 

 Age at randomization (yr)  62.5 ± 8.4 
 Male gender (%)  47.1 
 BMI (kg/m 2 )  28.5 ± 8.0 
 PaO 

2
  (mmHg)  51.2 ± 7.3 

 PaCO 
2
  (mmHg)  59.9 ± 6.7 

 pH  7.41 ± 0.04 
 FEV 

1
  (L)  0.8 ± 0.4 

 FEV 
1
  (%) predicted  29.5 ± 13.5 

 RV (%) predicted  234.8 ± 114.2 
 TLC (%) predicted  115.8 ± 38.6 

   BMI  body mass index,  PaO  
 2 
  partial oxygen pressure, 

 FEV  
 1 
  forced expiratory volume,  RV  residual volume, 

 TLC  total lung capacity  
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the HELIOS Klinik Hagen-Ambrock and were currently receiving treatment for an acute exacerbation 
of COPD. As a usual part of clinical treatment arterial blood gas analysis was performed within 
the 2 days prior to their planned discharge. Subjects were asked to participate if they had mild to 
moderate hypoxia on supplemental oxygen (PaO 

2
  < 80 mmHg) and hypercapnic respiratory failure 

(pCO 
2
  > 50 mmHg, pH > 7.35). Exclusion criteria included: respiratory acidosis (pH < 7.30), unstable 

cardiovascular conditions, decompensated renal insuf fi ciency, acute pneumonia, disturbed metabolic 
status and uncontrolled diabetes mellitus.   

    4.2.2   Procedures 

 Arterial blood gas exchange was measured by obtaining ~5  m L of arterial blood at the end of each 
experiment from an earlobe. Blood gas analysis (Radiometer Ltd., Germany) were performed within 
1–5 min after drawing each arterial sample. The PaO 

2
  and PaCO 

2
  values obtained at the end of each 

condition were recorded for statistical analysis. 
 Breathing responses were measured continuously by monitoring air fl ow with a nasal cannula and 

respiratory effort with inductive plethysmography. In addition, heart rate and oxyhemoglobin satura-
tion (SaO 

2
 ) were monitored by pulse oximetry and transcutaneous CO 

2
  through a probe attached to 

the earlobe (SenTec® V-sign™ SenTec AG, Switzerland) to determine steady-state and to ensure 
safety of patients throughout the entire experiment. All physiologic signals were ampli fi ed and 
recorded continuously and digitized and stored for off-line analysis (Alice®4 Diagnostic Sleep 
System, Respironics-Philips, Hamburg, Germany). 

 A constant  fl ow rate of up to 20 L/min was delivered at the nose. A heater and humidi fi er (TNI®20s 
oxy, TNI medical, Freiburg, Germany) were used to blend the clinically supplied compressed air and 
oxygen and to keep it at 30–33°C and 80%, respectively. A customized nasal cannula was used to 
deliver a combination of oxygen and high- fl ow heated humidi fi ed room air.  

    4.2.3   Experimental Protocol 

 The experiment was performed prior to midday and carried out with the patients sitting comfortably, 
semi-recumbent in a bed, receiving low  fl ow oxygen at a rate of 2 L/min. Three experimental condi-
tions were achieved by administering combination of NI and oxygen for 45 min periods in a random 
order as described in brief below. There was a 15-min baseline period between each condition.

    • Baseline Condition : Standard low- fl ow oxygen at a rate of 2 L/min through a standard oxygen 
nasal cannula.  
   • High- fl ow NI Condition : A combination of low- fl ow oxygen (as in the Baseline Condition) plus 
room air high- fl ow NI at 20 L/min both delivered through a custom made nasal cannula.  
   • Partial NI : The same combination of low- fl ow oxygen plus room air high- fl ow NI at 20 L/min, 
delivered through only one nostril to achieve a lower PaO 

2
  than the High- fl ow NI condition.     

    4.2.4   Data Analysis 

 Variables measured were: respiratory rate (ƒ) and inspiratory duty cycle (T 
I
 /T 

T
 ), where T 

I
  = inspiratory 

time and T 
T
  = respiratory cycle length. The ƒ was calculated each minute and an average value was 

determined from the 45-min period for an individual in every condition. In each individual, an average 
T 

I
 /T 

T
  was taken from 15 breaths of the last minute of each condition. 
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 Parameters were expressed as the mean for each patient in each experimental condition. Group 
data were reported as means ± SD. To examine responses in breathing patterns to High- fl ow NI, two-
way ANOVA were performed with the patient number treated as a random factor and the NI  fl ow rate 
treated as a  fi xed factor. When the ANOVA revealed a signi fi cant differences (p < 0.05), post hoc 
analysis was performed with paired t-tests to determine which levels of NI differed from Baseline. 
A p-value of less than 0.05 was considered signi fi cant.   

    4.3   Results 

 A total of 17 subjects were included in the study. Compared with Baseline, High- fl ow NI and Partial 
NI were associated with stable physiologic and clinical conditions. No subject demonstrated dyspnea 
or an increase in heart rate of greater than 10 bpm. There was no severe hypoxemia as de fi ned by a 
prolonged (>5 min) drop in SaO 

2
  below 85%. There was no group mean difference in the transcutane-

ous CO 
2
  between any conditions (Baseline: 57.3 ± 10.1; High- fl ow NI 55.1 ± 8.7; Partial NI: 

54.3 ± 10.2 mmHg; ANOVA; p = 0.23). 

    4.3.1   Effect of Nasal Insuf fl ation on Blood Gas Levels 

 During the experimental conditions, NI decreased inspired FiO 
2
  because of the high  fl ow rate of room 

air entrained with a constant level of supplemental oxygen that was unchanged from baseline. The 
group mean PaO 

2
  fell from the Baseline 62.3 ± 8.8 mmHg to 52.5 ± 8.1 mmHg (p < 0.01) during 

 High- fl ow NI, and to 55.3 ± 10.2 mmHg during Partial NI (p < 0.03) (Fig.  4.1 ). There was no change 
in PaCO 

2
  between all experimental conditions (Baseline: 63.7 ± 9.2 mmHg  vs.  High- fl ow: 

60.6.4 ± 8.3 mmHg and Partial NI: 59.8 ± 7.9 mmHg; ANOVA; p = 0.17).   

    4.3.2   Breathing Pattern von Nasal Insuf fl ation 

 For the group, the respiratory rate fell from 19.8 ± 4.2 at baseline to 18.0 ± 4.7 breaths/min during 
High- fl ow NI (p < 0.01) (Fig.  4.2 ). There was no difference in the respiratory rate between High- fl ow 

  Fig. 4.1    Blood gas levels       
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NI and Partial NI (18.1 ± 5.2 breaths/min, p = 0.98). The inspiratory duty cycle (T 
I
 /T 

T
 ) remained 

 constant throughout all experimental conditions (0.39 ± 0.06  vs.  0.40 ± 0.07 and 0.37 ± 0.05; baseline 
 vs . high- fl ow NI and Partial NI, respectively).   

    4.3.3   Individual Respiratory Rate and Arterial Blood Gas Responses 

 There was no association between changes in respiratory rate and either PaO 
2
  or PaCO 

2
 . Figure  4.3  

shows individual responses in PaO 
2
  (Fig.  4.3a ), PaCO 

2
  (Fig.  4.3b ) and respiratory rate (Fig.  4.3c ) between 

baseline and high  fl ow NI. In approximately 1/3rd of patients, PaO 
2
  remained above 55 mmHg during 

High- fl ow NI (n = 6). Similarly, approximately 1/3rd of the patients lowered their PaCO 
2
  more than 

4 mmHg during High- fl ow NI (n = 6), while there were 3 individuals during High- fl ow NI whose PaCO 
2
  

worsened more than 4 mmHg. More than 75% of patients lowered the respiratory rate by >2 breaths/
min, while the remaining four individuals had no change in their respiratory rate ( £ 1 breath/min).    

  Fig. 4.2    Respiratory rate 
and duty cycle       

  Fig. 4.3    Individual respiratory rate and arterial blood gas responses       
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    4.4   Discussion 

 The major  fi nding of our study is that high  fl ow nasal insuf fl ation (NI) of 20 L/min over a 45-min 
period during wakefulness led to a systematic reduction in respiratory rate without worsening hyper-
capnia and dyspnea. This reduction in respiratory rate was present even after lowering PaO 

2
  with 

partial NI. Second, in approximately 1/3rd of patients, the reduction in respiratory rate was associated 
with a signi fi cant improvement in hypercapnia (>4 mmHg). Third, respiratory rate responses were 
independent of blood gas changes. Taken together, high  fl ow (20 L/min) nasal insuf fl ation of warm 
and humidi fi ed appears to improve the ef fi ciency of breathing and may be used as an adjunct to low 
 fl ow oxygen for alleviating dyspnea and improving arterial CO 

2
  levels in some COPD patients with 

severe hypoxic, hypercapnic respiratory failure. 
 Nasal insuf fl ation of warm air has been used to stabilize breathing in patients with mild upper 

airway obstruction during sleep in adults and children. The mechanisms for alleviating upper airway 
obstruction appear to be through a mild (~2 cmH 

2
 O) increase in end-expiratory pressure (PEEP) 

(McGinley et al.  2007 ; Groves and Tobin  2007 ; Parke et al.  2009  ) . It is possible that the improvement 
in respiratory ef fi ciency was due to an increase in end-expiratory pressure. PEEP is known to improve 
ventilation perfusion mismatch which helps to improve gas exchange. In the current study we show 
that despite lowering partial oxygen pressure, dyspnea did not develop and hypercapnia improved in 
1/3rd of patients. Thus, it is possible that NI has improved ventilation perfusion mismatch, thereby 
improving gas exchange for carbon dioxide 

 A reduction in respiratory rate with both partial and high  fl ow NI was approximately 10% com-
pared with baseline low  fl ow oxygen. Our data do not indicate that this reduction was associated with 
an increase in tidal volume, since respiratory effort and inspiratory duty cycle remained constant. 
Further support for this is given by a clinical observation that none of the patients developed dyspnea 
or an increase in heart rate that may have indicated augmented cardiovascular stress. Thus, it is likely 
that the reduction in respiratory rate with nasal insuf fl ation was associated with a reduction in minute 
ventilation. Because we did not quantify air fl ow, the mechanisms of the reductions in minute ventila-
tion remain unclear. 

 While the respiratory rate decreased in the majority of patients (13 of 17), there was a heteroge-
neous response to nasal insuf fl ation. Some patients demonstrated marked reductions in respiratory 
rate (>20% from baseline) and others demonstrated no change in respiratory rate, but had marked 
reductions in arterial carbon dioxide of more than 8 mmHg. Thus, some patients respond to high- fl ow 
NI by lowering the respiratory rate, and presumably minute ventilation, while others appear to main-
tain ventilation, but decrease carbon dioxide levels. The mechanisms for this heterogeneous response 
are unclear. It is possible that NI has either improved alveolar ventilation through an increase in PEEP 
as mentioned above. Alternatively, NI may have either reduced anatomical dead space or carbon diox-
ide production. Regardless of the mechanisms, NI appears to improve ef fi ciency of breathing and our 
data suggest may be used as an adjunct to oxygen therapy to prevent/treat hypercapnic respiratory 
failure in some patients.  

    4.5   Limitations 

 Our current study was designed as a pilot trial for examining the safety of NI in COPD patients with 
severe hypoxic, hypercapnic respiratory failure. As such our study has several limitations. First, patients 
did not accept a nasal or full face mask for capturing tidal volume. Similarly, we could not use a cali-
brated inductive plethysmography signal due to the patients’ illness and the inability to prevent body 
movements or coughs. The lack of measuring tidal volume limits our ability to explore mechanisms of 
our  fi ndings. Second, our patient population consisted of patients with severe COPD and hypercapnic 
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respiratory failure who required supplemental oxygen. The lack of a baseline period without oxygen or 
NI may mask some of the physiologic effects of NI. We could not, however, remove supplemental 
oxygen at baseline to assess the breathing pattern and gas exchange on room air in these patients without 
producing signi fi cant hypoxia, dyspnea, or anxiety. Third, we did not adjust the O 

2
  supply to maintain 

a constant fraction of inspired O 
2
  (FiO 

2
 ) during all trials. The blend of 2 L/min oxygen with 20 L/min 

NI may have diluted the FiO 
2
  close to room-air, which resulted in lower arterial oxygen pressures 

during the NI trials. Nevertheless, approximately 1/3rd of the patients maintained PaO 
2
  above 55 mmHg 

during NI, indicating that some patients may maintain oxygenation with NI alone.  

    4.6   Implications 

 NI might assist in the treatment of COPD, speci fi cally the prevention of hypoxemia and hypercapnia, 
both of which are independent risk factors for mortality and morbidity. Our study demonstrates that a 
proportion of hypoxic COPD patients may be able to maintain normoxia with high  fl ow NI. It is 
conceivable that NI may be utilized as an adjunct to improve oxygenation in hypoxic COPD patients. 
Second, NI led to a reduction in respiratory rate of ~10%, and in some patients this reduction was 
associated with a reduction in hypercapnia. This  fi nding suggests a reduction in the work of breathing, 
whose increase was associated with the development of muscle fatigue leading to respiratory failure. 
Thus, NI may serve as a treatment option to reduce work of breathing and to counteract the develop-
ment of respiratory failure in some COPD patients. Third, sleep is associated with worsening of 
hypoxia and hypercapnia in the majority of COPD patients. High  fl ow NI was easily tolerated in our 
patient population making nocturnal use of NI easily applicable. If the NI reduces the respiratory rate 
without worsening hypercapnia during sleep, high  fl ow therapy may be a promising therapy option for 
treating sleep disordered breathing in severely ill COPD patients as well.      
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