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'#(�*'�.��*-*+.�*1�#�(�2#�(*�(� ��#2 � G( %(�#���%)�� &(�( �(��A��B0
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�.2'(*2�0�#%)��%�(����� �' &(�� �! �(*��' &�1�&#--.�#&�� ! ��2'�*! /
2 %(��%�&*%(�*-�*1�#�(�2#�1�*2�'� %*(.' /�' &�1�&�(� #(2 %(�A=�0
=�B�����&-*�,� �*1�����2#.� ! %�&#��.�#�'*( %(�#-�1*��'� )�&(�*%�*1
' ����( %&.�*1�#�(�2#�),��%+�'� �&�**-�#+ �A=4B�*��1�*2��&�**-�#+ 
�%(*�#),-(�**)�AEB�

��,�0�(� �*! �#--�',�'*� �*1�(� �� � #�&��'� � %( )��%�(����(� ���
"#��(*� !#-,#( �(� �&-�%�&#-�#''-�&#(�*%�*1���#"0���%(�#%)������%�)�1/
1 � %(�� ((�%+��#%)�(*�1,�(� �� -#$*�#( �(� �'*���$�-�(.� (*�) ! -*'�#
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,� 2 %(��*1�-,%+�1,%&(�*%0�#%)�*1��.' �! %(�-#(�*%�( &�%�F, ���%�#�/
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3.1.1 Patients
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3.1.2 Healthy controls
�*�2#(�! � -,%+� 1,%&(�*%�)#(#��#! �$  %�'� !�*,�-.� &*-- &( )� A��B
"��- �#))�(�*%#-�%*�2#(�! �)#(#�*%�-,%+�1,%&(�*%0�#%)�� �'*%��! /
% ���(*��.' �! %(�-#(�*%�*1�&*-)�#���A�B�#%)�$�*%&�*)�-#(*���A�B�" � 
&*-- &( )��%�#�� '#�#( �+�*,'�*1�� #-(�.�&*%(�*-���
��-)� %�"�(�*,(
#%.� '� !�*,�� -,%+� �--% ��0� #(*'�&� �.2'(*2�0� #(*'.� �%� 1���(/) +�  
� -#(�! �0� *�� �2*7�%+� #(� �*2 � F,#-�1� )� #�� � #-(�.� &*%(�*-��� �� 
� #-(�.�&*%(�*-��" � �&*-- &( )�$.�#�� #-(��F, �(�*%%#�� �"��&��"#�
2#�- )� (*� 1#2�-� �� *1� .*,%+� &��-)� %� �� (*� �� . #��� *1� #+ � -�!�%+� �%
:� #( ��
*' %�#+ %���� �1#2�-� ��" � ��#%)*2-.�� - &( )�1�*2�(� 
2,%�&�'#-�'*',-#(�*%�)#(#$#� �

�����	�������8���:���
����
3.2.1 Basics of the techniques
������������� �����!�����������!��
J�*- /$*).�'- (�.�2*+�#'�.0� �%(�*),& )�$.��,�*��� �%��E���A=C0
=EB0�"#��,� )� 1*��2 #�,� 2 %(�*1� �' &�1�&� #��"#.�� ���(#%& 0� ��#"
A�/4B�����"#.�� ���(#%& �A�#"B���� G'� �� )�$.�#�1*�2,-#�� � 2$-�%+
��2H��-#"�K�#-! *-#��'� ��,� �)�!�) )�$.�#��1-*"���-! *-#��'� ��,� 
���� 1- &( )�$.�2�%,( �&�#%+ �� �%�'- (�.�2*+�#'��&�!*-,2 �A,��%+
�*.- H���#"B�),��%+��%�'��#(�*%�#%)� G'��#(�*%�#%)�#��1-*"����2 #�/
,� )�"�(��#�'% ,2*(#&�*+�#'����%��,�*��H�*��+�%#-�2 (�*)��#"���
&#-&,-#( )� 1�*2�)�!�)�%+� ��#"�$.� (� � (�*�#&�&�+#��!*-,2 �A�:�B�
����(0� ��#"�"#��2 #�,� )� 1�*2� ��2,-(#% *,�� � &*�)�%+�*1� #��1-*"
#%)�'- (�.�2*+�#'��&� !*-,2 �&�#%+ ��),��%+� (�)#-�$� #(��%+� #%)
� &*%)0��:��"#��) ( �2�% )�1�*2�� &*�)�%+�*1�'- (�.�2*+�#'��&
!*-,2 � &�#%+ �� #%)� (� � &*�� �'*%)�%+� 2*,(�� '� ��,� � &�#%+ �
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3.2.2 Equipment, nose-clip, face-mask and mouthpiece
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3.2.3 How to measure and practical aspects
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Figure 3.2.2. 
Upper left: Whole-body plethysmo-
graphy. Upper right: Interrupter  
technique. Lower left: Impulse  
Oscillometry System. Lower right:  
Cold air challenge system.
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3.3.1 Basics of the techniques
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3.3.2 Equipment, face-mask and mouth-piece
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Figure 3.3.2.a. Schematic presentation of CACh system & b. DACh system. See text for explanation.
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3.3.3 How to challenge and practical aspects
Cold Air Challenge (CACh)
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Table 3.3.3. Medication, items or activity to avoid before bronchial chal-
lenge testing.

Minimum time 
interval from last
“dose” to study 

Short-acting β2-agonists: salbutamol, terbutaline 8 h 

Medium-acting bronchodilators: ipratropium 24 h 

Long-acting β2-agonists: salmeterol, formoterol 48 h 

Antihistamines 3 d 

Leukotriene receptor antagonists 5 d 

Inhaled corticosteroids No restriction, if
dose was un-
changed the 
last month

Oral steroids 1 month

Cola, chocolate Day of study 

Exercise and passive smoking 2 h
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3.3.4 Quality control of challenges
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3.3.5 Repeatability
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3.3.6 Normative data
J �" � �1���(�#%)���(� �(*�(� �*%-.�+�*,'�(*�� '*�(�*%�� �'*%��! /
% ���(*�
�
���%���(*���. #��*-)�� #-(�.�#%)�#�(�2#(�&�&��-)� %�A�B�
J ��(,)� )�
�
��� �'*%��! % ���$.�"�*- /$*).�'- (�.�2*+�#'�.0
�%( ��,'( ��( &�%�F, �#%)������� �,-(��#� �+�! %��%��#$- �=�����#���%
&*%(�#�(�(*�
�
�0���
���#��%*(�$  %�#''-� )��%�� #-(�.�.*,%+�&��-/
)� %� 1*�� &*2'#���*%� "�(�� #�(�2#(�&�0� $,(� *,�� � �,-(�� A4B� �,++ �(
(�#(� ��
��2#.� )��&��2�%#( � $ ("  %� � #-(�� #%)� )�� #� � "�(�� #%
 F,#-�� %��(�!�(.0��*" ! ��(�����#��(*�$ �'�*' �-.�#))� �� )��%�#�1,/
(,� ��(,).������P��%&� #� ��%���#"�"#���,++ �( )�#��(� �,'' ��%*�/
2#-�- ! -�*1�� �'*%��! % ���(*�#���
���%�%*%/#�(�2#(�&���%�#��(,).
 2'-*.�%+� ��#"�2 #�,� 2 %(�� #�� � �'*%� � A=4B���*" ! �0� �,&��#
-#�+ �%*�2#-��%&� #� ����'�*$#$-.�#%�*! � �(�2#(�*%0���%& ��(�&*�� /
�'*%)��(*�#%��%&� #� �*1�#''�*G�2#( -.���(*�4���"��%�*,��� (,'�#%)
(�,��1#��$ .*%)�*,��&,(/*11�#(�����"���� �-�( �#(,� �)* ��%*(�'�*/

!�) �#%.�%*�2#(�! �)#(#�*%��
��� �'*%��! % ��� �%�� #-(�.�.*,%+
&��-)� %��
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3.3.8 Safety
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Figure 4.1.1. Baseline sRaw, Rint, Xrs5, and Rrs5 in relation to height. Absolute values in healthy and asthmatic children (data pooled from study I and
V). The middle line in each graph represents the predicted mean value, and the parallel upper and lower lines represent the upper and lower 95% pre-
dicted levels. Asthmatic subjects open squares; healthy subjects closed triangles.



 � ��� � � � �� 	 � � 
 � � ��  � � 	 � � � ��� � � � � �� � � � � 	 � �  � � � � � � �

$#� -�% �����#%)�����#��2 #�,� )�"�(�������%�)��&��2�%#(�! �&#/
'#&�(.�A��CB�

�%� &*%&-,��*%0� (� � � �(,)� �� � '*�(� *! �"� -2�%+�  !�) %& � (�#(

�����#��! �.�'**��)��&��2�%#(�! �'*" ��#(�$#� -�% �#��&*2'#� )�(*
��#"�#%)���%(�

4.1.2 Bronchial challenge and responsiveness
��������������������=�	���������
� &#,� � G'*�,� �(*�&*-)0�)�.�#���� -#( ��2*� �&-*� -.�(*�(� �'#(�*/
'�.��*-*+.� *1� #�(�2#� (�#%� )* �� '�#�2#&*-*+�&#-� '�*!*&#(�*%0� " 
 �(#$-��� )�#�2 (�*)�*1�
�
��#%)�#�� �� )�(� �1 #��$�-�(.��%�.*,%+
&��-)� %��J �" � �(� �1���(�#%)���(� �(*�(� �*%-.�+�*,'�(*�� '*�(�� /
�'*%��! % ��� (*�
�
�� �%� �� (*� �� . #��*-)� &��-)� %� A�B��J � �(,)� )

�
��� �'*%��! % ����%�#�(�2#(�&��#%)�� #-(�.�.*,%+�&��-)� %�A�B
#%)� " � � (� � 1*� � #$- � (*� ;,)+ � (� � )��&��2�%#(�! � &#'#&�(.� *1

�
��� ��%& �  #&�� *1� (� � -,%+� 1,%&(�*%� 2 #�,� �0� "�*- /$*).
'- (�.�2*+�#'�.0� �%( ��,'( �� ( &�%�F, � #%)� �2',-� � *�&�--*2 (�.
" � �#''-� )0�" �" � �#-�*�#$- �(*�;,)+ �(� �)��&��2�%#(�! �&#'#&�(.
*1� #&��( �(��

�� � &�#-- %+ � "#�� � #)�-.� ' �1*�2 )� �%� �C� #�(�2#(�&� #%)� �E
� #-(�.�&��-)� %�#+ )��� (*���. #����
�
��"#�� 1 #��$- �#%)���*" )
+**)� #&& '(#$�-�(.� #%)� )�)� %*(� �#�� � #%.� &*%& �%�� #$*,(� �#1 (.���
� '� � %(#(�! � G#2'- �*1�#�� �,-(�*1�
�
���%�#%��%)�!�),#-�.*,%+
&��-)�"�(��#�(�2#�#��2 #�,� )�"�(��"�*- /$*).�'- (�.�2*+�#'�.
�����*"%��%����������"�����

� �,-(��'� � %( )�#��&�#%+ ��%�-,%+�1,%&(�*%�&#-&,-#( )�#����"/
,%�(��#� ���*"%��%����������"�����#%)�+�! %��%�#������"����

J �#''� &�#( � (�#(� � �'*%��! % ���2 #�,� )�"�(�� ��#"�"#��%*(
%*�2#--.�)��(��$,( )�#%)�(� � 1*� �#-�*�'�*!�) �(� �)#(#�*%�2 )�#%�
A%*(�',$-��� )B���� �)�11 � %& ���%�� �'*%��! % ���$ ("  %�� #-(�.
&*%(�*-��#%)�#�(�2#(�&��" � ���+�-.��(#(��(�&#--.���+%�1�&#%(0��*" ! �
"�(�� �*2 � *! �-#'� #��  G' &( )� 1�*2� � '*�(�� *%� 
�
�� A��40� ��C0

3

2

1

0

–1

–2

–3

Flow (l/s) Mouth pressue (kPa)

Volume shift (ml)

Figure 4.1.2.a. An example of test results from a CACh. Two specific re-
sistance loops at baseline as measured with whole-body plethysmography
are seen at the left (each loop is a representative of 5 loops) and likewise
two loops from measurements after CACh are seen at the right. Notice
parallel parameter lines in each set of measures as evidence of good re-
peatability. In this example the sRaw was increased by 300% as reflected
by narrowing of the closed angle ß between the x-axis and the parameter
line (see formula in 3.2.3).

SDw-units, Xrs5

33

30

27

24

21

18

15

12

9

6

3

0

–3

AsthmaticsHealthy AsthmaticsHealthy

SDw-units, sRaw

Rint
kPa.s.L–115

12

9

6

3

0

–3

–6

15

12

9

6

3

0

–3

–6

AsthmaticsHealthy AsthmaticsHealthy

SDw-units, Rint SDw-units, Rrs5

15

12

9

6

3

0

–3

–6

Figure 4.1.2.b. CACh induced changes in lung function measurements (sRaw, Rint, Xrs5, and Rrs5) given as number of SDw-units for asthmatics and
healthy young children. Means are indicated by horizontal lines. Dotted line indicates the 3 SDw change limit.
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Lung Healthy                                                                       Asthmatics
function 
test Mean median range Mean median range

sRaw  . . . . . . . . . 0.6 (–0.2; 1.3) 0.1 (–0.5; 1.0) –2.1-8.0 9.0 (5.9; 12.1) 5.4 (3.0; 8.1) –0.9-32.1
Rint  . . . . . . . . . . 0.5 (–0.1; 1.0) 0.2 (–0.3; 1.4) –2.2-4.0 2.5 (1.5; 3.5) 2.0 (0.9; 2.7) –2.2-13.0
Rrs5  . . . . . . . . . . 0.1 (–0.5; 0.6) 0.1 (–0.7; 0.8) –3.5-3.4 1.4 (0.6; 2.2) 1.4 (0.3; 1.9) –2.4-8.7
Xrs5  . . . . . . . . . . 0.3 (–0.2; 0.8) 0.3 (–0.2; 0.6) –3.0-3.9 1.8 (0.6; 2.9) 0.6 (0.0; 1.4) –1.5-14.0

Table 4.1.2.a. Changes in lung func-
tion after cold air challenge in healthy
and asthmatic young children: number
of SDw-units [mean (95%CI), median
(95%CI) and range].

Table 4.1.2.b. Sensitivity, specificity, and predictive values of each lung
function test using change > 3 SDw-units after CACh as definition of
bronchial hyperresponsiveness.

Predictive Predictive
Lung value of value of
function Sensitivity Specificity positive test negative test
test (%) (%) (%) (%)

sRaw 68 93 93 69
Rint 32 97 92 52
Xrs5 24 100 100 50
Rrs5 19 97 88 47
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Figure 4.1.2.c. Left: Responsiveness given as SDw-units to CACh and DACh with ~1 hour interval in young children. Right: Same data but broken into
subsets according to order of challenge modality, CACh to DACh or DACh to CACh. Notice significant reduction in responsiveness from CACh to DACh. 
*) p < 0.05.
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Figure 4.1.3.1.a. Bronchodilator response in healthy and asthmatic subjects and response to placebo in healthy subjects expressed as percent of pre-
dicted values (%pred) for sRaw, Rint, Rrs5, and Xrs5. Means are indicated by connecting lines (healthy subjects) and horizontal bars (asthmatic subjects).
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Figure 4.1.3.1.b. Left: Mean sRaw curves in absolute values pre-dose (baseline) and through 8 h after administration of placebo, salbutamol, and for-
moterol single dose from a mechanically actuated DPI using a spacer. Right: Maximal percent increase in sRaw (expressed as percentage of baseline) after
CACh at 15 min, 4 h, and 8 h after single dose of placebo, salbutamol and formoterol. Mean and 95% CI are shown.
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Figure 4.1.3.2. Percent change from baseline in specific airway resistance
(%sRaw) in young asthmatic children after cold, dry air hyperventilation.
The bronchoprotective effect of the leukotriene receptor antagonist mon-
telukast (MONT) was significantly different from that of placebo (PLAC).
Mean and 95%CI is shown.
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Figure 4.1.3.3. Change (%) from baseline in measures of lung function (sRaw, Rint, Xrs5, and Rrs5) in response to cold air challenge at randomization (0
W) and after 8 weeks (8 W) of treatment with budesonide or placebo. Mean (95% CI).
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Figure 4.2.1. Individual measurements in children with cystic fibrosis expressed as z-scores for each method (sRaw, Rint, Rrs5, Xrs5) and at each of the 
time points in the study are shown. *) p < 0.05; **) p < 0.001.
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4.2.2 Bronchial challenge and responsiveness
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