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The protec tive proper t i e s  of mo tor-cyc l e  helme t s  are we l l  documen
ted ( 1 ,  2 , 3 ) . He lrnets o f fer i ng full-face protect ion may , however , 
have sorne unwanted quali t i e s . Because o f  interference with the ex
change of ga s between the lungs and the arnbient air , a f u l l - face 
he lrnet may act as an external dead space , irnpairing the carbon 
dioxide (C0 2 ) e l irnination frorn the body . I n s u f f ic ient C 0 2  e lirnina
tion causes an increase o f  the parti a l  pre s s ure of C02 ( Pco 2 ) i n  
cerebral s tructures and other body t i ssues ( hypercapnia ) . High 
P c o 2  leve ls may cause severe cerebral dys function , e . g . , C02 nar
cos i s , whereas moderate inc reases in Pco 2  may cause perforrnance 
irnpairrnents and s ubj e c tive syrnptoms of ' 'not feel ing well '' . Ano ther 
inconvenience of hypercapnia is an increase in pulrnonary vent i l a 
tion , tha t rnay cause a feel ing of brea thles sness ( 4 ) . The u s e  o f  
a full- face he lrnet rnay thus , i f  it acts a s  an external dead space , 
have an a d verse e f fect n n  motor-cyc le riding abi l i ty . 

Dead space properties o f  a f u l l - face helrnet are rnani fe s ted i n  a 
retention o f  C02 i n s ide the helrne t .  Because o f  poor gas exchange 
between the helmet and the arnbient air , the rnetabolically produced 
C0 2 exha led in the helrne t is accumula ted , causing an increase i n  
the C02 concentra tion inside the helrne t .  The increase in C0 2 i s  
de termined not only by factors i n f l uencing the gas exchange , such 
as c lothing , s peedwind etc , but also by the amount of C02 produc
ed . Thi s  means that an increased metabo l i srn due to , e . g . , phys ic a l  
work accentuates the retention o f  C02 i n s ide the helme t . 
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The relationship between the Pco2 of inspired air and body ti s sues 
during resting conditions is we l l  estab l ished ( 4 ) . Howeve r ,  since 
driving a motor- cycle requires physical work , the interact i ve ef
fects of an externa l dead space and exerci s e  must be studied to 
determine the C02 retention i n s i de motor- cycle helmets . 

The present s tudy can be divided into two parts . In the first part 
motor-cycle helmets are tested in regard to co2 retention to de
termine whether the helmets meet the requirernents concerning co 2 
concentration s tipulated by the Swedish National Board o f  Occupa
tional S a fety and Health . The hygienic limi t value for co2 set by 
the Board i s  0 . 5 % for industrial premi s e s , and 1 %  when exposure i s  
l imited t o  1 5  min ( 5 ) . In the second part the interactive e ffects 
of an external dead space and exerc i se on the Pco2 in the body and 
on performance are s tudied . 

PART I 

Methods 

To test motor-cycle he lmets in regard to pos s ib l e  C02 retention , 
nine cornmercially available helmets were selected by the Swedish 
S tandard Association . The sarnple included f i ve ful l - face he lmets 
and four open- face h e lrnets , the latter serving as a control group . 

The C0 2 concentration i n s i de the helmets was recorded by a Beckman 
LB 2 C02 analyzer . To a s s ure that the recorded C02 concentration 
was repre sentative for that of the inhaled a i r ,  the sub j ects were 
ins tructed to breath through the nose where the sarnpl ing was made 
v i a  a tube taped to the upper l ip . 

The helrnets were tested in the laboratory as well as under f i e ld 
conditions . The l aboratory tests were made ( a )  in a breathing- s i 
rnul ator s upplied b y  the National Defence Re search Institute (Fig . 
1 ) , and ( b )  on 1 1  healthy sub j ec t s  ( age 1 8 - 3 0  years) at rest and 
during exercise to s tudy the e f fects o f  increased CO production 
under contro l led conditions . During exerc i s e , the sußj e c ts were 
pedalling on a cyc l e  ergorneter at a work load of 5 0  W ,  correspon
ding to the phy s i c a l  work e xecuted by a roadcrui s i ng moto r - cy c l i s t  
( 6 '  7 )  • 

T e s ting under field conditions was made on 1 1  healthy subjects 
( age 18- 2 7 years ) on motor-cycles to study the e ffects of outdoor 

c lothing and speedwind . Recordings were made with the motor-cyc les 
s tationary and at speeds of 3 0 , 50 and 70 km/h . To minimi z e  e f
fects o f  the ambient wind , which varied between 0 - 4  rn/ s ,  record
ings were made under head- and tailwind conditions . 

Results 

1 .  The four open- face helrnets , with the visor shut , showed no mea
surable C02 retention . 

2 . All five ful l- face helmets showed mean C02 concentrations we l l  
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exceeding the hygienic l imit value o f  1 %  under the following 
conditions ( Table 1 ) : 
a )  in the breathing s imulator ( F i g . 2 ) , 
b )  in the laboratory tests at rest and during exerc i s e  ( F i g . 3 ) , 
c )  in the field tests with the motor-cycles stationary and , in 

two of the helmets , at 30 km/h ( Fi g . 4 ) . 

I f  individual recordings are examined , four o f  the helmets showed 
co2 concentrations exceeding the hygienic l imit value o f  1% at 
5 0  km/h , and two of these showed too h i gh concentrations at 7 0  km/ 
/h . In ei ght instances the· co2 concentration exceeded 3% , the 
highest concentration being 3 . 9 % , recorded in the laboratory du
ring exerc i s e . 

3 .  E ffects o f  exerc i s e  

Increased C02 production due t o  exerc ise resul ted in h i gher C02 
concentrations in four o f  the helmets ( F i g . 3 ) . 

4 .  E ffects o f  o utdoor clothing 

Compared to the laboratory tests at rest , h i gher co2 concentra
tions were recorded in the field te sts with the motor-cyc les sta
tionary ( Fi g .  2 ) . This indicates a further impairment of the gas 
exchange , poss ibly due to the use of obs truc t i ve c lothing . 

5 .  E ffect o f  speedwind 

Although the gas exchange was improved by the speedwind when driv
ing ,  two of the helmets showed co2 concentrations exceeding the 
hygienic l imit value o f  1 %  ( Fi g .  4 )  • 

PART I I  

Methods 

To inve stigate the interactive e ffects of an increased dead space 
and mild exercise on Pco 2 in the body and on performance ,  seven 
healthy male sub j ects (mean age 3 2 year s )  were s tudied in the la
boratory w i th respect to : 

Phys iologi c a l  variables 
End-tidal Pco 2 
P ulmonary venEi lation 

Performance variables 
P sychomotor ( Track ing te s t )  
Cogni tive ( Ari thmetic te s t )  

I n  addi tion , breathing res i s tance , partial pre s s ure o f  oxyge n ,  and 
heart rate were monitored . 

The effect o f  an increased dead space was s imulated by changing 
the C02 concentration of the inspi red a i r . The s ub j ects were ex
posed to three co2 leve l s : 0 %  ( normal a i r ) , 3 % , and 5 % , both at 
res t  and during exerc i se . The 0 %  leve l served as contro l , the 3 %  
level corresponded to the worst cases o f  C0 2 retention observed 
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i n s ide the te s ted he lme ts , and the 5 %  level was included to obtain 
further data for trend analys i s . 

The subj ects were seated in a chair inh a l ing humidified gas from 
a large bag via a large-bore tubing and a low-re s i s tance respira
tory valve . During exerc i s e  the s ub j ects were ped a l l ing a cycle 
e rgome ter at a work load of 50 W ( 6 ,  7 ) . End- tidal Pco2 was re
corded by a Beckman LB2 C02 analy zer . Sampling was made via a tube 
connected to the expiratory s ide o f  the respiratory valve . Pulmo
nary ventilation was determined by the Douglas bag method . 

Two types o f  performance tests were use d ,  namely ( a )  a tracking 
test for evaluat ion of psychomotor performance , and ( b )  an arith
metic test to evaluate e ffects on h i gher mental abi l ity . Intercor
relation of the two tests for the 7 s ubj ects was 0 . 14 2 . 

The tracking test was based on a microcomputer ,  generating a tar
get moving according to a pattern w i th random parameters on a 
c a thode ray tube . The task was to track the target as closely as 
possible for 2 . 5  min by means of a j oy-stick control led dot .  The 
d i s tance to the target was recorded and the average d i stance for 
the l a s t  two minutes was computed to obtain the test s core . 

The arithmetic test was a paper and penc i l  test with equivalent 
forms , each made up o f  5 2 problems requiring a multip l ication and 
an addi tion or a s ubtraction . The test s core was the number o f  
correctly s o l ved problems i n  2 min . 

Each sub j ect was s i gned to one o f  s i x  d i f ferent sequences o f  co2 
exposure ( 0- 3- 5 % ,  0 - 5- 3 % , etc) and was tested on a s ingle day . 
Each ses sion s tarted with practice trials in order to s tabi l i z e  
performance on the psychomotor and a r i thmetic tasks , test-retest 
correlations for the 7 sub j ects after practice was 0 . 7 8 1 and 0 . 8 4 5 , 
respect i vely . The practice trials were followed by s i x  experimen
tal trials per formed at 10 min ·interva l s , two trials test/exercise 
or exerc ise/re s tj  for each co2 l e ve l .  Each trial l a s ted for 1 2 mi n ,  
7 min to estab l i sh steady s tate w i th respect to end-tidal Pco2 , 
and 5 min for the performance tests whi c h  always started with the 
tracking tes t .  

Data from the various co2 and work- load conditions were analyzed 
by the method of paired comparisons ( Student ' s  t-te s t ) . 

Results 

1 .  Physiological e f fects 

Values re ferred to are means of the meas urements obtained during 
the 6 th and 7 th min o f  the experimental trials . 

End- tidal Pco 2 and pulmonary venti lation showed signifi cant in
creases ( P < 0 . 0 2 ) during exposure to 3 %  C02 as well as to 5 %  co2 , 
both at rest and during exercise (Figs . 5 - 6 ) . 

1 3 1  



The e f fects re l evant to motor-cyc le driving w i th a ful l - face h e l 
me t ,  i . e . ,  the i ntera c t i ve e f fects o f  expos ure t o  3 %  co2 a n d  50 W 
exerc ise , were : 
End- t i d a l  Pco2 i ncreased by an average o f  1 . 1  kPa (8 . 4 mm Hg) (Fi g .  5) 

Thus a moderate hypercapn i a . 
P ulmonary vent i la t ion i nc reased from an average o f  10 . 3  1 per min 

to an average o f  34 . 6 1 per min ( F i g . 6 )  . 

2 . E f fe c ts on performance 

The psychomotor and ari thmetic tests f a i l e d  to show si gni f i cant 
performance impai rments during exposure to 3% C02 , both at res t  
and during exerc i s e . Both t e s t s , howeve r ,  showed s i gni f i cant 
( P < 0 . 0 2 ) per formance impairments during exposure to 5% C02 but 

only during exe r c i s e  ( Fi g s . 7- 8 )  . 

Discuss ion 

The hygi e n i c  l imit va l ue for co 2 i s  0 . 5% i n  dai ly work , and 1 %  
when work ing i s  l imited t o  1 5  min . The C02 retent i on i n  a l l  f u l l 
- face he lmets tes ted exceeded 0 . 5% under l aboratory conditions 
and also when d r iving at a speed o f  30  km/h . 

Four o f  the helmets were tes ted at 50 km/h and two o f  these at 
70 km/h . I n  a l l  these cases the C02 concen tration in the i nh a led 
air exceeded 0 . 5% .  Motor-cycle d r i ving under normal cond i t ions i s , 
however ,  not a fu l l  day ' s  occupa t i on ,  but i s  u s ua l ly undertaken 
for more than 1 5  min . 

The res u l t s  showed both i nterindividual and i n t r a i nd i vi dual var ia
t i ons . It i s  l ikely that th i s  was due to d i f ferences i n ,  e . g . ,  the 
posture of the body , the c lo th i ng , the ways to put on the he lme t ,  
the helme t  f i t t i ng etc . Iho e t  a l . ( 8 )  reported figures that d i f
fer somewhat from the va l ues observed i n  th i s  s t udy . They used 
another measuring technique , wh i c h  a l so can i n f l uence the resul t s . 
Howeve r , both the va l ues o f  Iho et a l . and those o f  the pre sent 
s tudy are too h i gh according to current hygi e n i c  l imit va l ue s , 
e spec i a l l y  i n  case a co2 level o f  0 . 5% i s  con s i dered the l imiting 
va l ue for t ra f f i c  s i tuations . 

Several adverse e f fects o f  high co2 c oncentration in i nhaled a i r  
are we l l- known , e . g . , hype rcapni a  and breath lessness . When d r i v i ng 
an uns table veh i c le l ike a motor- cyc le , i t  seems uns a t i s fac tory to 
be under the i n f l uence of s uch phys iologi c a l  stresse s . For a per
son uncons c i o us due to a motor-cyc l e  acci dent head trauma , the s i 
tuation may be even worse , espec i a l ly i f  the respi ratory re spon se 
to i nc reased C02 is impa i red . Even a sma l l  increase i n  arteri a l  
Pco2 may lead to severe brain oedema and unrepai rable brain da
mage . 

Conc lusions 

The s t udy s hows that the co2 concentration i n s ide f u l l - face motor
-cyc l e  he lmets i s  too h i gh in many true t r a f f i c  s i tuations . The 
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f o l lowing s u g ge s t i on s  s e e m  j u s t i f i ed . 

1 .  The v i s o r  s h o u l d  be s o  d e s i gned t h a t  i t  can be opened e a s i l y a s  
s o o n  a s  t h e  d r i ve r  s tops , e . g . , at a red l i ght . 

2 . A ven t i l a t i on o pe n i ng s h o u l d  be t e s ted on d i f ferent p a r t s  o f  
t h e  he lmet t o  f i nd the b e s t  po s s i b l e  ven t i l a t i o n  w i th the l e a s t  
po s s i b l e  draught and w i th ma intenance o f  an acceptab l e  s o und 
l e ve l . 

3 .  The r e s u l  t s  o f  the i nve s t i ga t i o n  show t h a t  the s t andards o f  ap
proval for h e l m e t s  s h o u l d  be c omp l e t e d  w i t h  a s tandard for ma
x i mum co2 c o n c e n t r a t i o n  i n s i de the h e l me t s . 

4 .  Moped r i d e r s  s h o u l d  b e  recomme nded to u s e  e i th e r  open- f ace h e l 
me ts or f u l l - f a c e  h e lme ts wi th the v i s o r  open , b e c a u s e  t h e  ven
t i l a t i o n  o f  mo s t  f u l l - face h e l m e t s  w i t h  the v i s o r  c lo s e d  i s  
d i s s a t i s fac tory a t  low speeds . 

5 .  I n  the event a p e r s o n  i s  i n j ured and l o s e s  c on s c i ou s n e s s ,  the 
v i s o r should be easy to open , a s  a h i gh conce n t r a t i o n  o f  co2 
i n  an unco n s c i o us p e r s o n  i s  extreme l y  dangerous to the b r a 1 n  
fun c t i ons . 
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tlEASUR 1 NG AND CONTRC\l 
UNIT FOR co2 

Fig. 1 .  Breath i n g  s i mul ator 
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Fig. 2 . Mean C02 concentrat ion  i ns i de f i ve fu1 1-
face  h e l mets tested i n  a bre a t h i n g  s i 
mul ato r  and on subjects a t  res t ,  under 
l aboratory and fi e l d  cond i t i on s . The 
dotted  l i ne marks the hygi e n i c  l i m i t  
va l ue for co2 for 1 5  m i n  work deter
mined  by the  Swed i s h  Nati onal  B oard o f  
Occupati onal  Safety and Heal th . For a 
fu l l  day ' s  work the l imi t i s  0 . 5% .  
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F i g .  4 .  Mean C02 concentrat i on  i ns i de fi ve fu l l  
face helmets tested i n  the fi e l d  on sub
j ects whi l e  stati onary and at 30  km/h . 

The dotted l i ne marks the hygi e n i c  l im i t  
v a  1 u e  for C02 for· 1 5  m i n  �1ork determi ned 
by the Swed i s h  Nat i ona l  Board o f  Occupa
ti onal  Safety and He l ath . For a ful l day ' s  
work the l i m i t  i s  0 . 5% .  
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Fig. 5-6 . Mean end-tidal  P co2 and p u l monary venti l at i on recorded 
dur i ng  the s i xth and seventh m i n  o f  exposure to 0 ,  3 and 
5% C02 . Verti cal  bars = S O . 
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Fig. 7 - 8 .  Mean test s cores for the track i ng test and the ar i thme t i c  
test recorded under exposure to 0 ,  3 ,  a n d  5% co2 . Verti ca l  
bars  = S O .  ( Note that  i n  Fi g .  7 - tra c k i ng tes t ,  a h i gher 
val ue i nd i cates  an  i mpa i rment of  performance . ) 
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