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BIOPHYSICS OF THE SENSE OF SMELL 





S T E LL I NGEN 

1 
Door de vari at i e s  i n  de hoeveelheid zonnest ral ing op het aard
oppervlak te correl eren met de doo r  middel van de 0 18/0 16 verhou
ding bep aalde temperatuurvari ati e s  in diep zee-afzettingen, komt 
Emiliani tot een grafiek waarin de temperatuurvari aties  voor de 
l aatste 300. 000 j aar al s fun c t i e van de  tij d gegeven warden. 
Tegen de wij ze waarop d i t  ve rband gelegd wo rdt zij n  ernstige 
bezwaren aan te voeren. 

Em i l i ani,  C.; J. o f  Geo logy 63 ( 1955) 538 . 

2 
•ex l ij nen van natuurl ij ke radioactieve bronnen, gemaakt vol gens de 
kl assieke verzamelmethode van 0. Hahn, vertonen een gro tere asym
metrie dan verwacht werd. Deze asymmetrie k an  op eenvoudige wij ze 
verkl aard word en. 

3 
Tegen de WlJZe waarop Pe�erl s een verband t racht te vinden tussen 
het kol l ecti ev e  model van de atoomk e rn en de beschrij v i n g  van 
k e rnk rachten al s meer- deel tj es p robl eem, zij n bezwaren aan t e  
voeren. 

P e i erl s,  R . E. en Yo ccoz, J.; P ro c . p h y s. So c. 70 ( 1 9577) 38 1 .  
Pei e rl s, R. E. ; P roc. o f  the Reho voth con feren c e  bl z. 395. 

4 
De verk l aring v an het reukmechan i sme, zo al s deze doo r Moncri e f  
wo rdt gegeven, berust op een onj uiste interpretatie v an  het reso
nantie begrip i n  de organische chemie. 

Mon cr i e f, R. W. ; The chemical senses (19 5 1 )  b l z. 395. 

5 

Een herhal ing van de doo r  Beck en M i l es ui tgevoerde exp erimenten 
is noodzakel i j k  om te onderzoeken of de door hen opgestelde reuk
theorie inderdaad in bepaalde geval l en geldig i s. 

M i l es, R.W. en Beck, L . H. ;  Sc i en c e  106 ( 19 47) 5 1 2. 



6 
Tegen de wij ze waarop Versteeg tot de conclusie komt d at de adap
tatie een peri feer verschijnsel i s, zijn bezwaren aan te voeren. 

Versteeg, N. ; d i s sertati e  1956. 

7 
De concl usie welke Le Magnen trekt uit de door Woodrow en KarPman 
gevonden rel ati e  tussen de sterkte van de adapterende p rikkel en 
de tijd, nodig voo r  het verdwijnen v an de reuksensat i e, is on
juist. 

Le Magn en, J.; J.Physio logi e 45 ( 1953) 285. 

8 
De experimenten van Moncrief, wederzijdse adaptat i e  betreffende, 
verl i ezen veel aan waarde doo rdat enke l e  essent i e l e  grootheden 
niet bep aald zijn. 

Mon cri e f, R . IY.; J .  o f  Physiolo gy l33 ( 19 56) 30 1. 

9 

Het verdient aanbeveling om in het l eerprogramma van de middel
bare schol en een aan t al n atuurkunde p ro even op t e  n emen wel k e  
gedemonstreerd moeten worden. 

10 
Het verdi ent aanbevel i n g  om n aast de jacht- en vi sacte een acte 
voor het rapen van ki evietsei eren ( z. g. ,raapacte") in te voeren. 
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I N T R 0 D U C T I 0 N 

Among the liological systems the sense organs are very attract
ive from a physical point of vi ew because of their  simil ari ty to 
instruments. In connection with the investigations concerning the 
physical asp ects of the sense o rgans, it seemed important to in
vesti gate the sense o f  smel l and taste next to vi sion, heari n g  
and other l abyrinth o rgans. A s  fo r taste stimulus control seems 
to be di fficul t, the sense of smel l was app arently the most suit
abl e of the chemical senses. The investi gations o f  the physical ,  
as well as the physiological and biochemical aspects o f  the sense 
o rgan have been much mo re extensive for the sense of s i ght and 
hearing than for the sense of smel l .  This may be partly caused by 
l ack of  interest, but undoubtedly al so on account of  experimental 
di fficul ties. 

One of  the most serious di fficulties fo r the investigation o f  
the sense o f  smell  is  that only a smal l number o f  observations 
can be made during a c e rtain p e riod of time because otherwi se 
adaptation wil l  occur. As the experiments take a long time, fl uc
tuations in the sensi tivi ty o f  the subj ect are l ik el y .  So the 
experimental resul ts always scatter and a l arge number of  exp eri
ments is necessary to obtain exact results. 

Several critici sms are appl i cabl e to the equipments used for 
smel l investi gations. Our fi rst aim was the development o f  an 
apparatus with an adequate stimulus control.  A description of the 
equipment is given in Chapter I. 

With the app aratus construct ed, it is po ssibl e to study the 
absolute sensi tivi ty o f  the sense o rgan and the i n fl uence o f  
statistical fluctuations in the number o f  mol ecul es striking the 
ol factory epithel ium upon the frequency of smel l ing curve. Analo
gous investi gations in vi sion by various investigators resul t ed 
in the determination o f  the number o f  quan ta to which one rod 
responds and the number o f  rods which have to act together simul
taneously for a sensation to be perceived. 

In order to calcul ate the absol ute sensitivity of  the sense o f  
smel l i t  i s  necessary to determine the condi tions in which the 
number o f  mol ecul es necessary to evok e a smel l sensation i s  as 
smal l as possible. Fbr that purpose the infl uence of the stimulus 
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duration and the rate of  flow upon the threshol d  has been deter
mined. ( Chap ter II and I ll. ) The ratios o f  the experimental 
threshold concentrations for di fferent rates o f  flow are compared 
to the ratios deduced from a theory which takes into account di f
fusion and absorption phenomena in the nose. 

From the influence of the statistical fluctuations in the num
ber of mol ecul es striking the ol factory ep ithel i um upon the fre
quency o f  smel l ing curve it i s  possible to draw some conclusions 
about the receptor mechanism. ( Chapter I ll) . 

Like other sensory systems the o l factory sense d i sp l ays the 
phenomenon of  adaptation. The i n fl uence of stimu l us intensity and 
adaptation time upon the threshol d  wil l  be di scussed in  Chapter 
I V. The peripheral recep to r  mechan i sm appears to be only to a 
smal l extent responsi bl e  for the adaptation p rocess. 

A probl em sti l l  unsolved i s  the rel ation between threshold and 
chemi cal structure. The i n fl uence o f  stero i someri sm upon the 
threshol d and the vari ations of the th reshol d fo r a series o f  
o rtho-. meta- and para- compounds wil l  be discussed i n  chapter V. 



C h a p t e r I 

0 E S C R I P T I 0 N 0 F T H E A P P A R A T U S 

1 . 1 .  Techni ques  in o l fac tome t ry 

1 1  

A criti cal review of  the techni ques i n  ol factometry has been 
publ ished by Wenzel (1). We shal l di scuss h e re the techn i ques 

which are rel ated to our app aratus o r  which have been used to 

study the same phenomena as di scussed in this  thesi s. 
The app aratus o f  most fre quent use for the determination o f  

smell thresholds i s  the ol factometer, an instrument desi gned by 
the Dutch physiologi st zwaardemaker. It consists of a gl ass tube, 
open at both ends over which another tube is loosely sl ipped. The 
inner surface o f  the outer tube has been i mp regn ated with an 
odorous materi al .  When a smal l p art o f  the outer tube is covered 
by the inner tube, a l arge number of odorous mol ecul es can escape 
into the gl ass tube and into the nose of the subj ect when sni ff
ing. Fo r a standardi zed ol factometer the ol facti e  i s  the ol fac
tory unit. This  unit is defined as the no rmal l y  perceptibl e mini
mum odour and stated in terms of exposure of the odo ro u s  sub
stance in cm. 

This  techni que i s  subj ect to several criti c i sms. Adhesion to 
the inner tube i s  important. The temperature o f  the odorous mate
rial is uncontro l l ed and the possibi l i ty exi sts that the subject 
influences the threshold by the volume of his sni ff. Zwaardemaker 
designed another type to meet the l atter di ffi culty. A smal l pump 
was attached to the instrument, fo rcing ai r at a constant rate 
through the apparatus. 

The ol factometer is based on the assumption that the number o f  
mol ecules released by the odo rous substance, i s  p ropo rtional to 
the area exposed. As Wbodrow and Karpman ( 2) pointed out al ready, 
thi s  assumption i s  only true i f  the ai r does not become saturat
ed. I f  saturated, enl arging o f  the area o f  the odorous substance 
wil l  have no infl uence upon the number of mol ecul es delivered to 
the subj ect. 

Notwi thstanding these obj ections, the ol factometer, compared 
with the other techn i ques, i s  fai rly rel i abl e.  Thi s  i s  evident 



12 

from some results obtained by Komuro wi th adaptation measurement s  
( 3). With the aid o f  the ol factometer he measured the sensi tivity 
to terpinol after p revious adap tation. The adaptation occurred i n  
a box wi th a capacity o f  400 l i ters. Certain quanti ties o f  odor
ous materi al had been evapo rated i n  thi s  bo x p reviously.  Afte r  
complete adap t ation in  thi s  box the raised threshol d o f  the sub
j ect, expressed in ol facti es, p roved to be p roportional to the 
weight o f  the evaporated odorous substance. As for compl ete adap
tation the rai sing o f  the threshold is nearly p roportional to the 
adapting intensity ( see 4. 5), we may conclude that the number o f  
molecul es given off by the odorous substance i s  about p roportion
al to the area exposed. Of course it i s  possibl e that for other 
substances the area exposed i s  not p roportional to the number of 
mol ecul es del i vered to the subj ect. Al so there remains the di ffi
culty that it is impossibl e to express the threshold in mol ecul es 
per cc. 

There sti l l  exi sts a group o f  i nvest i g ato rs using a method 
which is  certainly not commendable. This method consists o f  smell 
i n g  at fl asks containing at the bottom di fferent amounts o f  odor
pus substance di ssol ved in a l i quid. The threshold fo r smel l ing 
is then exp r essed in  the concentration of the odorous substance 
in the l i quid. However, the p artial vapour p ressure of the odo r
ous substance i s  not al ways p roportional to the amount o f  sub
stance di ssol ved. Some tables i n  Lando l t- Bo rnstein (4)  give data 
o f  the p artial vapour-p ressure and the amount of  substance di s
solved in some speci fic l i quids. The detctmir,&tion of the partial 
vapour p ressures i s  requi red when this method i s  used. Thi s  h as 
never been done in smel l exp eriments. Adhesion o f  o dorous mol e
cules to the walls  o f  the fl asks i s  al so an important factor. The 
method i s  only useful for very rough experiments, therefore, which 
are yet successful in a fi eld as unexp l o red as the sense o f  
smell .  

The techni que o f  El sberg and Levy (5) i s  very important. With 
thi s  method an odorous l iquid i s  poured into a 500 cc bottl e. An 
outlet tube l e ads from the bottl e to the nostril s; an inl ettube 
is attached to a hyp odermic syringe. A p i nchcock on the outl et 
tube is kept closed whi l e  a few cubic centimeters of air i s  
forced into the bottl e. When the pinchcock is  suddenly removed, a 
bl ast o f  odorous vapour comes into the nostril s. 

However, the techni que has s everal imp erfections. During in
j ection the rate o f  fl ow o f  the inj ected ai r is not constant, but 
changes from a maximum val ue to zero; thi s  time course o f  change 
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is  different for each stimulus, because i t  depends on the speed 
with which the p inchcock used is  removed. Another di fficu lty is 
that the number of odo rous molecules blast i nto the nostrils, 
can only be changed by varying the rate of flow. Jerome ( 6) h as 
studi ed the influence of vari at ion of volume and rate o f  flow 
upon the olfactory thresholds for the method mentioned above. 

The determination of olfacto ry thresholds wi th the Elsberg 
method seems to be so inaccurate that Jones ( 7) was not able to 
demonstrate a change in threshold when he used the same "rate of 
flo�· and volume but different odour concentrations. 

Wenzel imp ro ved upon the o ri ginal t echn i que of Elsberg by 
arranging for uniform pressure to be exerted throughout the dura
tion of a gi ven exposure. In her revi ew she concludes that the 
most signifi cant characteristics are the control of the rate of 
flow, duration of the stimulus and the number of molecules of the 
odorous substance in each stimulus. These requirements were only 
met by the technique developed by Wenzel. I t  appeared desi rable, 
however, to modify these requi rements into control of the rate of  
flow, duration of stimulus and number of o do rous molecules so 
that each one can be varied independently of the other. This mod
ified requi rement is not met by Wenzel. FOr a constant duration 
of  the stim ulus she could only change the number of  inj ected 
odorous molecules by chaqging the rate of flow. Variations in the 
rate of flow, however, make a differential appeal to the cutan
eous receptors of the nostrils and introduce a second vari able. 

Summarizing we can say that only a techni que with an independ
ent control of duration of the stimulus, the rate of flow and the 
number of odorous molecules satisfies the requi rements necessary 
for an adequate determination of olfactory thresholds. 

1. 2. The apparatus 

An important p roblem is the removal of i mpuri ties in the air 
used for the determination of  thresholds. As was po inted out al
ready by FOster a.o. ( 8) ,  it  is impossible to use charco al to re
move impuri ties because the carbon i tself is not odorless. We had 
the same exp erience when using silicagel. Heating the silicagel 
up to 100°C and pumping off the vapours during several hours gives 
some slight, but not suffici ent, improvement. 

I t  is also possi ble to p urify the ai r by leadi ng it through 
a Cottrel apparatus. However, a large amount of odorous ozone is 
p roduced in this equipment. It is  necessary to use chemical sub-
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stances for removing the ozone. We exPeri enced that chemical sub
stances always introduce more or less new contaminations. Further 
the used rates of flow ( upto 3 00 cc per second) also requ i re a 
large equipment. For very small rates of flow ( e. g. 1 0  cc per sec
ond) the use of li quid ai r for the condensation of impuri t i es is 
recommended. No new contaminations are introduced and the impuri
ties are removed to a large extent. However, this method is too 
expensive fo r larger rates of flow because large quan t i ti es of 
liquid ai r are required. 

The flow of ai r is suppli ed by a ro tating compresso r, which 
has been cleaned carefully and whi ch is lubricated with paraffin 
oil. When the comp ressor had been delivered, the air suppli ed was 
strongly contaminated with o i ly and o ther smells. For cleaning, 
the whole comp ressor was disassembled. The used lubricant was 
dissolved by placing all parts of the comp ressor twice or mo re 
often in pure ether. We also used alcohol fo r this purpose. Some 
of the inner metal p arts of the comp ressor had been co vered by 
the manufacturer with a k ind of aluminium p aint.  This p aint was 
removed with a concentrated sodium hydroxyde solution. After this, 
all parts of the compressor were heated to about 1 00°C and placed 
in a vacuumchamber. The vapours given off ·from the accessories of  
the compresso r were pumped away. The entire procedure was repeat
ed several times. 

In our case it pro ved to be suffi cient to use only a device 
for washing the ai r. The ai r coming through the apparatus is only 
then pure if the air outside is not con t am i n ated. During the 
experiments a well- trained subj ect can immedi ately notice con
taminations coming from outside, the exPeriments are then stopped 
for a few minutes. The ai r outside the labo ratory is quite pure 
due to the position of  the l aborato ry. Only a few times a week 
the air appeared to be slightly con taminated. 

The lubric ation of the comp resso r with paraffin oil p roved to 
be successful. However, if the comp ressor has been used for about 
a hundred hours, some oily contamination will be originated. This 
contamination is c aused by an oxydation p roduct of the p araffin 
o il ( wo rk ing temperature of the compressor is about 8 0°C) . It  is 
necessary to clean the ent i re compressor then. 

We shall now discuss the apparatus, which fulfills the require
ments mentioned in 1. 1. A di agram of the main features is shown 
in fig. la. 

Essenti ally, the app aratus has three sections. The UPPer line 
in  figure la carries the main stream of ai r whi ch is suppli ed to 
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the observer. The main stream recei ves an adj ustabl e amount of 
odorous nitrogen from the second l ine, which final l y  recei ves a 
current of nitrogen, saturated wi th odorous mol ecul es from the 
third l ine. To prevent oxydation of the odorant, ni trogen is used 
in the second and third line. 

The stopcocks I, II and X control the rate of flow of the ai r 
or nitrogen passing the three l i nes. 

The rate of flo w  of the odorous nitrogen p assing cap i l l ary 3 
is controlled by means of stopcock V, because stopcock V control s 
p ressure 53• No rmal ly, the main p art of the current of odo rous 
nitrogen in the second l ine is removed by way of the ventil ating 
system V. S. , only a smal l p art is suppl i ed to the main l ine. 

The concent ration of the o do ran t i n  the thi rd l i n e  can be 
determined from the vapour p ressure of the odorant through which 
the stream of n i t ro gen is l ed ( F) if the n i t ro gen is saturated 
with odorous mol ecul es. When the st ream of odorous nitrogen en
ters the second l ine, the saturated n i t ro gen is  dil uted by the 
pure nitro gen passing cap i l l ary 2. The concentration of the octo
rant in the second l ine can be determined from the rates of flow 
in capi l l aries 2 and 4. 

A smal l part of the odo rous n i t rogen in the second l ine is 
sent to the main l ine by way of cap i l l ary 3 .  When the rates of 
flow in this c ap i l l ary and the main l ine are known, the concen-
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tration o f  the odo rant in the main l ine c an be cal cu l ated f rom 
the concentration in the second l ine. 

When the rate of flow in cap i l l ary 3 is changed by mean s  o f  
stopcock V, the rates of flow i n  the capil l aries 2 and 4 are al so 
sl ightly changed. The dil ution o f  the odo rous subst ance in  the 
second l ine is not affect ed, howev e r, since the ratio o f  the 
rates of flow of the n i t ro gen p assin� the c ap i l l aries 2 and 4 
only depends on the dimensions o f  these cap i l l aries. 

The ai r can be supp�ied to the subj ect by means of the inj ec
tion apparatus G. When the air i s  not inj ected, the curren t o f  
ai r i n  the main l ine normal ly p asses the inj ection app aratus and 

i s  removed by way o f  the ventil ating system V. S. 
The cap i l l aries 1, 2, 3 and 4 were c al i b rated one by one by 

coll ecting the ai r o r  nitrogen passing the cap i l l ari es. FOr the 
small  cap i l l aries 2,  3 and 4 only one cal i bration fo r one p res
sure was requi red because the rate o f  flow was p ropo rtional to 
p ressure ( Po i sseul l e) . Cap il l ary 1 was cal ibrated for the who l e  
range of p ressures used during the experiments; since the rate o f  
fl ow in this  cap i l l ary is  much l arge r  than in  the other capi l l a
ries the p ressure inc reases faster than p roportional to the rate 
o f  flow. So the rates o f  flow o f  the ai r or nitro gen p assing the 
cap i l l ari es can be determined f rom the p ressures 5�o . . . . .  , 54 
and the data obtai ned from the cal i b ration of the c ap i l l ari es. 

If the thresho l d  exp e ri m ents are start ed, one has fi rst to 
find the rough magni tude o f  the thresho l d. Normal ly, one has to 
try di fferent cap i l l aries 3 befo re thA requi red range o f  concen
trations i s  found. For thi s purpose, three di fferent capill aries 
between the second and the main l ine are mounted in our apparatus 
simul taneously. The capi l l ari es can be used sep arately ( see fig. 
1b). 

Once a suitabl e capillary has been found, the concentration in 
the main line is con t ro l l ed by the stopcocks V and X (pressures 
53 and 54) . Normal l y, one has a suffic i ent control of the number 
of odorous mol ecul es in the main l ine by changing the pressure 53 

only ( with the aid o f  stopcock V) . 
In fi gure 1b the app aratus is given in more detai l .  Instead o f  

the open manometers used in  o u r  app aratus, di fferenti al manome
ters can al so be used fo r determining the rate of flow of the ai r 
o r  nitrogen passinc the capi l l aries. So the p ressure 51, given by 
a differential manometer i s  equal to P 1-P 5, 5 2  i s  equal to P2-P3, 
etc. The manometers P 5 and P 3  are fi l l ed with wat er, the o thers 
wi th mercury. The manometer P 3 has to be att ached to the app ara-
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tus on a pl ace where no odorous mol ecul es pass the second l in e, 
because otherwi se odorous materi al can di sso l ve in the water used 
in the manometer. Fbr the same reason no grease is used fo r stop
cocks IV, VI and VIII .  

•, 

u 
•• 

lllll IX 
X 

.. 

L 
Figure 1b 

D i agram of the equipmen t. The cap i l l ari e s  are mark ed by 
1 ,  2 , 5; the stopcock s by I, Il, . . . X an d the 
p ressures b y  Pt, P2, ... Ps. No rmal l y  t h e  p o s i t ion s  o f  
the d i sk s  are a an d a', in wo rk in g posi tion � an d (3'. 
A: comp resso r, B: wash in g devi ce,  c: equ ipmen t  fo r o b
t ain in g  ai r w i t h  a fi xed t emp erature an d hum i d i ty, D :  
n i t ro gen fl ask , E: p u ri f i c at ion o f  the n i trogen ,  F: 
vessel con t ain in g t h e  odo ran t, G :  t h e  inj ection app a-

rat u s ,  V . S. : ven t i l atin g sys t em. 

The air current in the main l in e  i s  suppl ied by a rot ating 
compresso r  ( A). After l eaving the compressor, the ai r i s  washed 
(B) and brought to a fixed humidity ( 32%) and temperature ( l7°C) 
(C). TO obtain a constant humidi ty, the air i s  fi rst saturated at 
room temperature wi th water vapour, then coo l ed down to 0° C and 
heated to the desi red temperature. The maximum capaci ty o f  the 
compressor is about 900 cc per second. 

The ai r, suppl i ed by the compressor, normal l y  passes the in
j ection apparatus and escapes into the open ai r by way of a ven
t i l ating system. The inj ect ion apparatus consists of a standing 
cyl inder, which has two movabl e pi stons mounted on one bar ( see 
fig. lb).  The ai r norm al ly passes from th e inl et tube i nto the 
outl et tube V. S. , because the pistons are in posi tion a ( fi g. lb). 
A relay can shi ft the pi stons to po sition p. Fbr the po si tion a 

o f  the pistons the ai r passing the inj ection apparatus is removed 
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by means o f  the ventilating system; during an inj ection the posi
tion o f  the pistons is given by �· The air is then forced through 
the nosepiece. 

Befo re inj ection was started, the subj ect insert ed the nose
piece into the nostril.  During inj ection, the subj ect has opened 
his mouth and hol d  his b reath; so the inj ected air passes the 
nose and then escapes by way of the mouth. 

As the current o f  inj ected air experiences a resistance to 
flow in the nose, it is necessary to give the l ine bet ween the 
inj ection apparatus and the ventil ating system the same resist
ance. When these resistances to flow are not e qual ,  the pressure 
P5 changes when the position of the pistons in the inj ection ap
paratus is changed from ex to �· The concentration o f  the odorant 
in the main line changes then during inj ection because the pres
sure 53 = P3-P5 changes. 

The resistance to flow in the line between inj ection ap paratus 
and ventil ating system is contro l l ed by a stopco ck ; a co rrect 
adj ustment is obtained when the pressure P5 does not change dur
ing inj ection. For different subj ects it may be necessary to use 
different resistances to flow in the line; even for the same sub
j ect this resistance may al ter sometimes from day to day. 

Of course it is al so possibl e to use the inj ection apparatus 
fo r smel l experiments when norm al breathing is re quired. The 
inj ection apparatus may be switched on du ring a few seconds, in 
this interval o f  time the subj ect t akes an inspiration in the 
current o f  odorous air which l eaves the inj ection ap paratus 
through a hol e with a diameter o f  1 1 . 6 cm. 

The current o f  nitro g en in the second l ine is suppl ied by 
a nitrogen fl ask ( D); a rate o f  fl ow up to 10 cc per second is 
used. The nitrogen cu rrent is purified by the use o f  coal and 
sil icagel as adso rbents, and a cool ing system with l iquid air as 
cooling material ( E) .  A smal l part o f  this nitrogen, up to 1 cc 
per second, is sent through the odorous material in vessel F. It 
is al so possibl e  to send the whol e  nitrogen current through the 
vessel by closing stopcock I l l .  The flow through vessel F has to 
be smal l because the nitrogen shoul d  be saturated with the octo
rant. To get a constant concentration of the odorant in the third 
l ine the vessel is kept at a constant temperature. Fbr substances 
with very low ol factory th resho l d s, e. g. mercaptans, there are 
two possibilities. The vapour pressure may be lowered by cool ing 
the vessel down to - 72° C or more, or very smal l capil l aries may 
be used to get a smal l amount o f  odorous material in the odorous 
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l ine. Both procedures have been used by us. I t  is better to cool 
the odorous substance, since accidental esc ap e  from the vessel 
will  not spoil the ai r in the room so badly. 

The capi l l ary 5 in our apparatus, which i s  a wide one, o n l y  
served to bring the small flow o f  nitrogen passing the thi rd l ine 
into the centre o f  the second l ine. 

In order to c al cul ate the number of molecu l e s  used fo r the 
stimulation it is necessary for the air, passing the odorous sub
stance. to be saturated wi th odo rous mol ecul es. Wi th the use o f  
the vapour pressure data col l ected by Jordan (9), i t  i s  possi bl e 
to cal cul ate the vapour pressure o f  various o rganic substanc�s 
used for our experiments. For meta- xyl ene a val ue o f  1 . 75 mm Hg 
at 0 °C was determined by extrapolation. 

To check the saturation wi th odorous mol ecul es we determined 
the l o ss of wei ght of the met a- xyl ene.  Thi s  l o ss appeared to 
be 0. 740 grams when an ai r current of 2. 4 cc per second was sent 
through the odo rous substance during 7 hours. Assuming satura
tion, one may expect a loss o f  0 . 724 grams i n  thi s  case ( cal cu
l ated from the vapour pressure of 1. 75 mm Hg. ), which is in good 
agreement with the experimental resul ts. The sl i ght di fference 
may resul t from experimental i n accuracies.  So we may concl ude 
that the ai r i s  saturated. The rate of fl ow of 2. 4 cc per second 
through the vessel is l arge, compared to the rates o f  flow no r
mal ly used. The ai r i s  then cert ainly saturated at the norm al 
rates o f  flow. 

The entire apparatus, except the val ve, has been made of gl ass. 
We have used two val ves, one made from perspex and one from 
nickelpl ated brass. The perspex valve, however, produced an odour 
caused by the friction between the moving di sks and the st andi ng 
cyl inder. The nosepiece has been made from perspex and fi l l s  the 
entrance of the nostril enti rely. It penetrates about 1 . 5 cm into 
the no stri l .  During stimul at ion the ai r l eaves the nosepi e c e  
through a hole  with dimensions o f  12 x 3 mm. 

The duration o f  each i nj ection c an be adj usted to any t i me 
desi red between 0 . 08 and 2. 0 seconds. For this purpo se an un i
vibrator i s  used, which can be tri ggered by the subj ect by means 
of a swi tch. 

A sui table point of the univibrator circuit is connected wi th 
the grid of an output tube; without an input- signal from the uni
vibrator this tube is cut off, otherwi se is conducts. When the 
output tube conducts, the signal rel ay 1 is put in wo rk ing po si
tion. A current of 2 amperes is then suppl ied to rel ay 2, which 
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changes the position of the pistons of the apparatus used for the 
inj ection o

'
f the odorous air. 

It is necessary to check the duration o f  each inj ection be
cause the mechanical properties of the val ve ( friction) may vary 
a l ittle.  Thi s i s  done by using a metal strip, which makes con
t act with another when piston a is in the centre o f  the ap erture 
o f  the inl ettube. Of course thi s contact is interrupted when the 
valve reverts to its  former position. When contact is made, the 
pul ses, produced by an osci l l ator are counted by a scal er. The 
inj ection time is the counted number of pulses, mul tipl i ed by the 
average duration o f  one pul se. 

To reduce l osses during stimul ation, i t  is important to have 
the nosepiece fi l l ed with odorous ai r. For this purpo se a smal l 
amount o f  odo rous ai r l eak s con t i nuously along pi ston a. I t  i s  
c l ear that then losses o f  odo rous ai r during stimul ation only 
occurs in the nasal c avity itsel f. 

Of course thi s l eak shoul d be very smal l .  I f  one uses a nose 
piece with a vol ume of a few cc and gives one stimul ation a min
ute, a l eak of 1/10 cc per second is sufficient to fill the nose 
piece with odorous ai r. This leak shoul d not be made much l arger, 
because o therwi se al re ady befo re the normal i nj ection begins, 
some odorous air wil l  l eak into the nasal cavity when the subj ect 
inserts the nosepiece into the nostri l .  The very smal l space be
tween piston a and the standing cyl inder, which i s  al ways present 
since the friction woul d otherwi se be too l arge, is suffici ent 
for this small l eak. 
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Figure 2 
The vo l ume d el i vered by the inj ection app arat u s  
fo r vario u s  inj ection t i m es. Th ree di f ferent 

rat es of fl o w  were u s ed. 
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One may exP ect that the volume, del ivered by the app aratus i s  
p roportional to the inj ection time. We checked this by col l ecting 
the del i vered ai r. The results  h ave been p l o tted in  fig. 2. The 
vol ume del i vered app eared to be p roportional to the inj ect ion 
time above 0 .0 8  second; bel o w  t h i s  t ime the del i vered vol um e  
drops faster ( fi g. 2) . So in  general there i s  n o  point in  usin g  
inj ection times shorter than 8 0  mil l i seconds wi th o u r  apparatus. 
The devi ation f rom l inear i ty c an be understood as fo l l o ws: As  
stated before the inj ection time i s  the interval betweeri two sub
sequent p assings of the middl e o f  the inl et tube. At very smal l 
inj ection times, the disk is al ready movi ng back before the whol e  

aperture o f  the inlet tube has been p assed. At somewhat l arger 
times, the disk j ust p asses the opening. Since the velocity in  
the nei ghbourhood o f  the reversing point o f  the disk i s  smal l ,  
the aperture i s  partly blocked during p art o f  the inj ection time. 
The influence of this block i ng can be seen in  fig. 2. 

Some odo rants show the p roperty to adhere strongly to gl ass 
surfaces, e. g. 1:4- xyl en-2- o l .  For these substances it is nec
essary to get an equ i l i b ri um b e t ween the n umber of mol ecul e s  
which adhere to the gl ass surfaces in the odorous l ine ( and c a
p i l l ary 3) and the number of odorous molecul es rel eased by these 
surfaces. Thi s  is obtai ned by sending a n i t ro gen current fo r a 
few hours through the odorous l ine and the vessel F; the rate o f  
this current must b e  about the same as the r ate used during the 
exP eriments. Part of this current goes through c ap i l l ary 3. Fo r 
the substance 1 : 4- xyl en- 2- ol the number o f  mol ecul es del i vered at 
the inj ection apparatus increased during the fi rst hours a facto r 
10, when the adj ustment o f  the app aratus was not changed, befo re 
a constant number was reached. m- Xyl ene, e. g. reached a constant 
thresho l d  i mmedi ately. The adso rption in the odo rous l ine ap
p eared to be smal l er for l arger rates of flow in thi s  l ine. 

To p r event adso rp tion as much as possi b l e, the l ength and 
di ameter of the main l ine between cap i l l ary 3 and the nose p i ece 
is kept smal l .  The l ength of thi s p art is  about 25 cm, the inner 
di ameter 0 . 5 cm. It  is not possibl e to use much thinner tube s, 
b ecause the p ressure P5 at the end of capil l ary 3 would become 
too l arge. ( The di fference P3-P5 determines the flow passing ca
p i l l ary 3) . In our case we have to apply a correction to the read 
p ressure P5, because the att achment o f  the manometer doe s  not 
coincide wi th the end o f  cap i l l ary 3. The correction is  di fferent 
for the 3 capil l aries mounted in the apparatus. 

The adso rption in the main l ine is smal l fo r most of the odo r-
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Figure 3 
Th e i nj action apparatus. 



Figure 4 
The equipmen t  u sed fo r the adj u s tm en t  

o f  the s t i m ul us. 
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ous substances used. The foll owing experiment was performed wi th 
a rate o f  flow o f  300 cc per second. The pressure P 3 was adj usted 
in such a way that the concentration of the d- octanol in the main 
l ine was 30 times the threshold concentration. When the pressure 
P3 was suddenly set back to zero, the smel l of the odorant disap
peared within 5 seconds. At 10 times the threshol d  concentration 
the sme l l  disappeared wi thin 3 seconds. Fo r m- xyl ene the times 
were even shorter. 

Our apparatus, which has been designed independently of exist
i n g  equipments, has some resembl ance to those o f  Gundl ach and 
Kenway ( 10 )  and Neuhaus ( 1 1) . Wi th the app aratus o f  Gundl ach and 
Kenway it was not possibl e, however, to vary the concentration o f  
the odo rant rap idly. 

Figures 3 and 4 sho w  two photographs o f  the app aratus. The 
inj ection apparatus is shown in figure 3. P art of the app aratus 
needed for the adj ustment of the stimulus can be seen through the 
perspex pl ate in a hol e  in the c abin. The inj ection apparatus is  
mainly m ade of p e r spex,  but  the sl iding p i stons and the i nner 
p art 9 f  the apparatus are made from nickel p l ated brass. At the 
l eft side of the app aratus the connection to the ventil ating sys
tem can be seen. The no se p i ec e  i s  p l aced on the app aratus. At 
the back, the main l ine i s  connected to the app aratus, the three 
capill ari es fo r supplying odorous m ateri al i n  this main l ine c an  
easily b e  seen. The swi tches are fo r signal l ing resul ts and for 
starting the i nj ect ion. The rel ay i s  p l aced below the p ersp ex 
t�� 

The app aratus used for the adj ustment o f  the stimul us i s  shown 
in figure 4. The equipment shown at the uppe r  p art o f  the l eft 
side of the photograph is not used for the experiments discussed 
in this thesis. In the foreground the nitrogen fl ask. at the back 
the comp ressor. Cl o se to the top at the ri ght side the washing 
device i s  p l aced. 
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In thi s  chapter some experiments concerning the i n fl uence of 
the stimul us duration upon the thresho l d  of the human sense o f  
smell are di scussed. 

Fbr the sense of sight and hearing the rel ation between dura
tion of stimul us and stimulus intensity h as been studi ed exten
sively. Below a c ertain critical time the p roduc t o f  l i ght- o r  
sound- intensity and stimulus duration p ro ved to be constant fo r 
threshold stimul ation. So a constant amount o f  energy i s  requi red 
for the p roduction of a constan t  p hotochem i c al effect. I f  the 
stimulus duration is l arger than the c ritical duration, the 
threshold intensi ty remains independent of time. When the stim
ulus is  restricted to smal l areas of the sense organ the change
over is rather abrupt; when l arger areas are used the changeover 
is smooth. Fbr the ol factory sense this rel ation has not yet been 
studi ed, probably in consequence of the fact that the determina
tion o f  o l factory thresholds is a complicated matter. 

When using the "bl ast inj ection techni que", discussed in chap
ter I, for the determination o f  ol facto ry thresholds, time, vol ume 
and rate o f  flow o f  the inj ected ai r are exactly known. However, 
it is emphasi zed in this chapter that the rel ative losses befo re 
the ai r reaches t h e  ep i thel i um are dep endent on the i nj ect ed 
vol ume. A co rrection of t he measured thresho l d  i s  n ecessary. 
therefo re. I f  this inj ect ed vol ume, compared with the vol ume o f  
the nasal cavity, i s  not l arge, the correction is  important. This 
wil l  be discussed in 2. 3. 

In our experiments the intensi ty-duration function h as been 
determined for three compounds, secondary butyl mercap t an, 
m- xylene and o-nitrophenol.  The stimul ation times used range from 
0. 08 to 2. 0 seconds. 
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2. 2. Exp er imen t al p ro cedure 

Analo gous to other sense o rgans, there is for the sense o f  
smel l no sudden transition between smel l ing nothing and smell ing 
an odorous substance, when the number of odorous mol ecul es strik
ing the sense organ increases. FOr a given concentration the sub
j ect may smel l the substance for instance 2 out o f  each 10 times. 
for a somewhat l arger concentration thi s  may be 8 out of each 10 
times. I f  one determines the percentage o f  positive responses for 
various amounts o f  odo rous substance, one gets a "frequency o f  
smel l ing curve". The ol factory threshol d  i s  de fined here as the 
number of inj ected mol ecul es required for a frequency of smel l ing 
o f  50 percent. 

To determine a threshold about 40 stimul i, sp read over 2 or 3 
di fferent concentrations of odorous subst ance are p resented to 
the subj ect. These di fferent quanti ties ( 'concentrations) are ob
tained by changing pressure P.3 with stopcock V ( see 1. 2 ,  fig. 1b). 
The subj ect receives about one stimulus a minute. 

The whole  equipment, except the val ve is pl aced in a room en
ti rely separated from the subj ect. There is  a ci rcuit fo r neces
sary signal l ing between the subj ect and thi s room. Temperature i s  
kept constant i n  the subj ect's room, wll,i l e  both rooms can b e  ven
til ated. 

There proved to be fluctuations in the sensitivi ty of the sub
j ect from day to day. These fl uctuations are smal l .  i f  the sub
j ect does not smoke at al l and does not eat and drink substances 
wi th a strong odour. m-Xyl ene, e. g. , was used fo r five days from 
11- 2- 1957 t i l l 19- 2-1957 and on 1- 3-1957. On these days the 
thresholds fo r the same inj ection t ime and rate of flow were 7. 6 
X 10 13; 6. 1 X 10 13; 2. 8 X 10 13 ; 8. Q X 10 13; 5. 4 X 10 13 and 2. 8 X 

10 13 molecules respectively. The deviation from the average val ue 
do es not exceed a factor of 2. The same experi ence i s  obtained 
with other odorous substances. 

I f  there are determinations of thresholds of a given substance 
on di fferent days, i t  is necessary to t ak e  these fl uctuations 
into account. Duri ng experimentation the threshold belonging to 
one fi xed inj ection time and rate o f  flow is  determined daily. 
The average value o f  these thresholds i s  c al cul ated. I f  the de
termined threshold on a certain day proves to be a factor p high
er than the average value, all resul ts o f  this  day are divided by 
this factor p . I f  corrected for the daily vari ations o f  sensi ti v
ity, the th resholds with the same inj ection time and rate o f  flow 
have only a smal l sp read ( see fig. 6). 
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FO r  checking purposes stimul i wi thout odo rous substance are 
also given. Normal l y  the number o f  positive responses fo r p u r e  
air is lower than 5 percent, the threshold determinations with a 
h i gher response have been omitted. The subj ect shoul d  not b e  
uncertain i n  his decisions and there should be no shi fting o f  the 
ol factory threshold during the exPeriments in order to get inten
sity-duration curves with a small sp read. I t  is esp eciall y  owing 
to the fo rmer condi tion that good resul ts are obtained onl y a few 
days a week, mostly in  the morning. The shi fting of the ol factory 
threshol d wi l l  be caused by p arti al blocking o f  the epi thel ium b y  
some mobi l e  n asal mucus. The stimul ation is mono rhinic, al l t h e  
results have been obtained with the author as subj ect. 

2. 3.  Correc t ions 

Fi rst of al l it is necessary to consider the di fferences i n  
the losses fo r the various vol umes o f  inj ected ai r. The losses 
are the fol lowing: 
1. Losses due to adsorption befo re the ep i thel ium is reached. To 
determine the i n fl uence o f  these l osses the number o f  i nj ected 
mol ecul es necess ary fo r th reshol d  stimul ation at an i nj ection 
time o f  0 . 55 second and for di fferent rates o f  flow was deter
mined. The odoran t  used was m- xyl ene. When usi ng rates o f  flo w  
with a range o f  100 cc up to 200 cc per second the l iminal number 
of inj ected mol ecul es remained approximately constant. Thi s  means 
that in sp i te o f  the fact that the concent ration fo r a rate o f  
fl ow o f  100 cc p er second is twice as l arge as fo r 200 cc ?e r 
second, the threshold remains app roximately constant. As wi ll  b e  
discussed in  3. 2 the fraction o f  odo rous mol ecul es l o st by ab
so rption is d i f ferent fo r various rates o f  fl ow. However, t h e  
fraction o f  the mol ecul es strik ing t h e  wal l s  o f  t h e  o l facto ry 
sl i t  vari es al so wi th the rate of fl ow and the resul t of bo t h  
effects in  t h i s  case i s  app arently that t h e  th resho l d  remains 
approximately constant. 
2. The losses caused by the fact that when the inj ection stops, 
the foremost p art of the nasal cavity has been fil l ed with odo r
ous air. The bulk o f  this ai r does not reach the ep ithel ium. Ex
p ressed in cc this loss wil l  be the same for al l vol umes inj ect
ed, but it h as rel ati vel y the greatest i n fl uence when smal l vol
umes are used. When working with a fi xed rate o f  flow, the cor
rection is l argest when smal l times are used. 

An estimate of this loss can be made as fol lows: 
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I f  an inj ection time of 0. 2 second i s  used, the number of inj ect
ed mol ecul es o f  m- xyl ene necessary for threshol d  stimul ation de
creases with 7 percent, when the rate of flow i s  changed from 100 
to 200 cc p e r  second. Thi s  decrease i s  16 percent fo r an inj ec
tion time of 0. 1 second. The di fferences mentioned here must be 
p artly due to the vol ume lost in  the n asal c avity. Suppose thi s 
loss to be A cc, then the fractions reaching the epi thel i um are 
p roportional to 10- A and 20 - A  for an inj ection time of 0. 1 
second and rates o f  flow of 100 and 200 cc per second resp ective
ly. i f  the fraction o f  the number o f  inj ected mol ecule s  reaching 
the ep i thel ium is the s ame. From our o b servations we g e t  the 
equation: 

10- A 
-10-

which gives for A: 2.5 cc. 

20 - A 
20 = 

6 7 • 

As will  be di scussed in chap ter I ll, the fraction o f  the num
ber of molecul es reaching the ep ithel ium i s  norm ally not the same 
for different rates o f  flow. Only in this speci al case it i s  ap
p roximately the same. If one assumes that the whole  di fference o f  
7 percent at 200 ms i s  caused by di fferences in  absorpt ion i n  the 
mucous m embrane and effici ency in the ol factory sl i t. one gets 
for the vol ume A: 1.5 cc ( calcul ated from the resul ts for an in
j ection time of  0. 1 second) . So a value of  2. 0 cc will  not di ffer 
too much from the real valu� however, it shoul d be borne in  mind 
that it is merely an approximation. 

The value of 2. 0 cc is a reasonable one compared with the vol
ume of the fo remost p art of the nasal cavity, through which the 
odorous air has to pass. Using 100 cc per second, the corrections 
of the inj ected number of mol ecul es necessary for threshold stim
ul ation for times longer than h al f  a second. are negl i gibl e. The 
mol ecul es inj ected at 0. 1, 0. 2 and 0. 5 second and a rate of flow 
of  100 cc per second are lost fo r 20. 10  and 4 percent resp ec
tively, in consequenc e  of the lost vol ume in the nasal cavity. 
When a flow of  ai r o f  200 cc per second is used, the l osses are 
10, 5 and 2 percent for inj ection times of 0. 1. 0. 2 and 0. 5 sec
ond resp ectively. At 0. 5 second the di fference i n  losses due to 
the volume lost in the nasal cavity i s  only 2 p ercent for a rate 
o f  flow o f  100 and 200 cc per second. which is in good agreement 
with the experimental resul ts, showing that fo r thi s i nj ection 
time the di fferences due to abso rp tion and l o st vol um e  in  the 
thresholds measured are h ardly detectable. Of course this val ue 
of 2. 0 cc will  greatly depend on the subj ect used for the eXPeri-
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ments and wi l l  even vary fo r the s ame p erson from day to d ay.  
These vari ations fo r the same p erson are due to  the f act t h at 
small mucous particl es strongly infl uence the losses by defl ect
ing the flow of ai r. The value of 2.0 cc must be considered as an 
average value, therefore. 
3. The real stimul ation time is al so sho rter than the inj ection 
time, because the fi rst p art of  the stimul ation occurs with cl e an 
ai r, driven up by the odorous ai r. Using a rate o f  flow o f  100 cc 
per second and assuming a volume of 2.0 cc fo r the clean ai r, the 
inj ection times must be decreased by 0. 02 second to find the real 
stimul ation times. Real stimul ation time means the duration o f  
the stimulus suppl i ed to the epithel ium. 

When the inj ection pul se stops, the odorous mol ecul es in the 
ol factory s l i t  di ffuse to the wal l s  of the sl i t. The d i f fusion 
time necessary fo r. a 10 p ercent decrease of  the number o f  mol e
cul es in the ol facto ry sl i t  i s  o f  the o rder o f  1 or 2 m i l l i
seconds ( ch ap ter Ill). For th reshold measurements a 10 percent 
decrease o f  the number of mol ecul es al ways gi ves a l arge de
crease of  the percentage of  positive responses ( 3. 4) . So when the 
i nj ection pul se stop s the stimul us comes below the thresho l d  
value within a few mil l i seconds. 
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Th e ab so l u t e  th resho l d ,  e xp re s sed in n umb er 
of mol e cul es i nj ected,  as a function o f  the 
inj ection t i me. Two di fferent rat e s  o f  flow 

were u s ed. No co rrections were app l i ed. 
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4. Figure 5 rep resents the resul ts o f  threshol d  measurements for 
two di fferent rates of flow, 650 and 100 cc p er second. No cor
rections have been appl ied. The curves fo r 650 cc per second have 
a strai ghter course than those fo r 100 cc p e r  second. It should 
not be concluded however, that this is the resul t o f  l ower losses 
at smal l vol umes, owing to the fact that the curve is  a resul t o f  
a competition between an odorous sens�tion and another sensation. 
There appears to be a strong sensation due to the pure ai r alone, 
i f  one uses a rate of flow l arger than 200 - 300 cc p er second. 
This  resul ts in an increasing threshold for smel l ing. The sensa
tion may ari se from a drying effect o f  the i nj ected ai r on the 
ol factory recep to rs o r  from the cut aneous receptors of the no s
tri l s. At times o f  0. 1 and 0 . 2 second the sensation i s  not so 
strong as at l arger times. At short times one has the imp ression 
that this sensation and the odo rous sensation are mo re or l ess 
sep arated, the  odorous sensation arriving l ater. Rates o f  flo w  
l arger than 200 - 300 c c  per second should n o t  be  used, there
fore. Fo r meta xyl ene the cu rves intersect; fo r secondary butyl 
mercaptan, however, no intersection occurs. Thi s  wi l l  be caused 
by the fact that for m- xyl ene the sensation p roduced by the fast 
ai r current does not dominate the smell  sensation to such a l arge 
extent as this is the case for secondary butyl mercaptan. 

2. 4. Resul t s  

Look ing at fi gures 6 and 7 i t  i s  cl ear that fo r the ol facto ry 
sense the same rel ation is val id as fo r the eye and the ear. At 
the right side the i ncl ination of the curves in figure 6 indi c ate 
that the number of mol ecul es per second necessary fo r threshold 
stimul ation, app ro aches a con stant value above a given time. At 
the l eft we have an app roach to the region of a constant number 
of molecul es. 

The do tted curves rep resented in fi gures 6 and 7 h ave been 
deduced from the exp erimental curves by decreasing the number o f  
inj ected mol ecul es with 20, 1 0  and 4 p e rcent for the inj ection 
times of 0. 1,  0. 2 and 0. 5 seconds resp ectively, when a rate o f  
flow o f  100 cc p e r  second was used. The inj ection times are de
creased in this c ase with 0. 0 2  seconds to find the real stimul a
tion times. Fo r  the upper curve in f i gure 6, whi ch has been de
termined fo r a rate o f  flow o f  270 cc per second, the correction 
for the dead vol ume is 8 p e rcen t fo r an inj ection t ime of 100 
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The ab sol ute th resho l d , expressed i n  number 
of mol ecul e s  inj ected, as a funct i o n  o f  the 
i nj ection time. Two d i fferent rates o f  fl ow 
were u sed, fo r the upper curve 2 70 cc per 
seco nd, fo r the other curves 100 cc per 
seco nd. The do t t ed curves are deduced from 
the experimen tal curves, the co rrection ap-

pl i ed i s  d i scussed i n  thi s chapt e r. 
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mil l i seconds. For an inj ection time o f  50 mil l i seconds the correction 
is much l arger because the vol ume del ivered by the apparatus i s  
not l inear wi t h  inj ection time ( see 1. 2. fi gure 2) . The total 
correction i s  about 40 percent in this case. Fo r  the co rrection 
o f  the dead vol ume see 2. 3. Thi s  corrected number of mol ecul es i s  
not the number re aching the o l f acto ry receptors. The fraction 
reaching the epithel ium i s  about 4 percent ( see chapter Ill) . As 
pointed out al ready in 2. 2, the threshol d s  h ave been co rrected 
for the daily vari ations of sensitivity. 

The cri t i c al times are about 0. 16 second for secondary butyl 
mercaptan, 0. 20 second for m- xyl ene and 0. 17 second for o- ni tro-
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F i gu r e  7 
T h e  abso l ut e  th resho l d ,  i n  number o f  mol ecul e s 
p e r  seco nd, as a f,un c t i o n  o f  t h e  i nj ect i o n  
t i m e. T h e  rat e o f  f l o w  used w as 1 0 0  c c  per 
second. T h e  data in fi gure 6 and 7 are th e 
s am e. The do tted curv es are deduced from t h e  
experimental curves b y  appl y i n g  the co rrection 

d i scussed i n  th i s  chap t er. 

phenol. It  is di fficul t to give the possibl e errors in this time. 
We can only conclude that the critical time o f  the sense of smel l 
i s  about 0. 18 second, whereas the di fferences fo r the used sub
stances are p robably not sign i ficant. Thi s  time is in good agree
ment wi th the c ri t ic al times o f  the eye and the ear, which are 
0. 10 and 0. 20 seconds respectively. 

In figure 7 the rel ation between the number o f  mol ecul es p er 
second for thresho l d  stimul ation and the stimulus duration i s  
plotted. The underlying data are the same as used i n  fig. 6 .  I t  i s  
only the manner o f  representation which i s  di fferent. The number 
of molecul es p er second corresponds wi th the l i ght i ntensity in  
the case o f  the  eye. Thi s  number divided by the rate of  flow al so 
gives the concentration o f  the odorous substance in the inj ected 
ai r. FOr threshol d  stimul ation at smal l t imes it i s  necessary to 
increase the concentration. 

FOr the c al cul ation of the total number o f  inj ected mol ecul es 
we need the vapour p ressure of the odorant at 0° C. The fol l owing 
vapour p ressures h ave been used: o - n i t rophenol :  5. 10 ' 2 mm Hg, 
m- xyl ene: 1 .  75 mm Hg and secondary butyl m':�c aptan: 23 mm Hg, al l 
at 0°C. 
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The lowest numbers o f  inj ected mol ecul es necessary for thresh
old stimul ation are. in our case. 2. 10 9 for secondary butyl mer
captan. 4. 10 1 3 for m- xylene and 8. 10 1 1  for o- ni tropheno l .  

Lastly a di scussion o f  t h e  critical duration. Irresp ective o f  
the resul ts wi th other sense o rgans we can h ardly exp ect a very 
short c ri t i cal duration fo r the sense o f  smel l because o f  the 
fact that the mol ecul es reachi n g  the ep'ithel i um need a certain 
period of time to di ffuse to the sense cel l s. According to Kolmer 
( 12) . the ep ithel ium is  covered by a thin waterl ayer. Then a di f
fpsion time of about 20 mil l i seconds i s  requi red fo r a mol ecu l e  
to di ffuse to the sense cell s  ( see 3. 4) . Perh ap s  there i s  al so 
di ffusion through other l ayers. befo re the sense cell is acti
vated. So a very short inj ection o f  mol ecules in  the nose p roba
bly always has an action o f  about 100 mill iseconds. 
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C h a p t e r Ill 

T H E  A B S O L U T E  S E N S I T I V I T Y O F  

T H E S E N S E 0 F S M E L L I N M A N 

3 .  1 . In troduc t ion 

For check ing possibl e ol facto ry theories i t  is of importance 
to know whether a response of the recep to rs is c aused by "l arge" 
amounts of odorous substance. so that the rules o f  chemistry con
cerning concentrations etc. can be appl ied. or whether a receptor 
i s  al ready activated by one mol ecul e. For a theo ry of ol faction 1 

i t  is al so important to know the efficiency o f  the ol factory p ro
cess and the number of sense cel l s  whi ch h ave to respond simul
taneously for a sensation to be perceived. 

The experiments di scussed in thi s  chapter have been perfo rmed 
to get some info rmation on above probl ems. The first experimental 
p roblem i s  the determination o f  the number o f  mol ecul es striking 
the ol facto ry ep ithel ium. This number is di fficul t to determine 
because only the number of mol ecul es entering the nose i s  known. 
To solve the p ro bl em, it i s  necessary to determine the fractionJ 
o f  the ai r p assing the ol facto ry sl i t. Fo r  the determination o f  
this fraction some experiments have been made wi th a model o f  the 
l umen of the nasal cavity. The resul ts are given in 3. 2. , 

When the fraction o f  the ai r p assing the o l factory sl i t  i s  
known i t  i s  possibl e to cal cul ate the number o f  mol ecul es strik
ing the ep i thel i um. For thi s  cal cul ation it is necessary to take 
into account the abso rption of odo rous mol ecul es in  the mucous 
membrane befo re the ol factory sl i t  i s  reached ana the di ffusion 
of the odorous mol ecul es in  the sl i t. which determines the frac
tion o f  the mol ecul es con t acting the wal l s  o f  the sl i t .  These 
calcul ations are given in  3.  3. 

When the number of molecul es striking the ol factory epi thel i�m 
has been determined, it is possibl e to cal cul ate the minimum num
ber of molecul es by which a recepto r  is activated. On the assump
t ion that the " frequency o f  smel l i ng" curves are caused by sta
t i stical fl uctuations in the numbe r  o f  mol ecules strik ing the 
ol factory ep ithel ium, it is possib l e  to give an estimate of the 



35 

number of  receptors which have to act together simul taneously fo r 
a sensation to be percei ved. The discussions of this p robl em are 
given in 3. 4 .  

In 3. 4 a di scussion o f  the e ffici ency of  the ol factory process 
is al so given. 

3. 2. The frac t ion of the ai r p assing the o l fac tory s l i t  

The fraction of  the ai r p assing the ol factory sl i t  depends on 
the method of inj ection or inhal ation used. 

One method consists of normal inhal ation o f  ai r containing an 
odorant,  the o ther cons i s t s  o f  inj ection o f  a gi ven vo l ume o f  
odo rous ai r i n to the nose. Inj ection i n  9ne no stril i s  cal l ed 
monorhinic, in two simul taneously dirhinic. 

First we shal l discuss no rmal breathing. Thi s  method h as the 
disadvantage that for subsequent insp i rat ions vol ume and rate of 

' flow of  the inhal ed ai r may vary. However, wi th wel l- trained sub
j ects, the infl uence o f  these vari ations upon threshold deter
minations appears to be rather small.  

The structure of  the no se is  o f  fundamen t al importance in  
sol ving the p robl em. It  i s  a wel l-known fact that the two nas al 
cavi t i e s  are sep arated by the n asal sep tum. I n  man there are 
three conchae in each nasal chamber. The contours of  the wal l s  o f  
the nasal fo ssae in l iving beings are such that both the upper 
�d the lower n asal p assages are mere sl i ts, nowhere wider than 
1- 2 mm. The cap ac i ty o f  the nasal chambers i s  always l arger in  
cadavers than in  l iving beings; thi s  i s  caused by shrink ing of  
the conchae. 

The ep i thel i um o f  the o l factory region i s  si tuated in the 
upper p art of  the nasal chamber. The ol factory area extends from 
the top of the cavity to about 1 cm below the top along the 
l ateral wal l and the septum. The area of the ol factory ep i thel ium 
i s  about 2. 5 cm 2• 

According to Proetz ( 13) the general p attern o f  the normal ai r 
currents i s  determ ined by three structural el ements; the di rec
tion o f  the anterior nar i s. the essenti al confi guration o f  the 
n asal chamber and the rel ative si zes of ante rior and posterior 
nlres. The narrow p assage j o ining the vesti bul e to the p rop er 
n asal chamber i s  the most con stricted point o f  the resp i rato ry 
tract, the inspi red ai r is  di rected here almost vertical ly to the 
top of the chamber. This  vertical ai r current presently sp reads 
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i n  a wide and sl anting curve towards the cho ana all but avoiding 
the inferior p art of  the chamber. 

Publ i shed articles set fo rth almost any type of p athway con
ceivabl e within the anatomical restrictions o f  the nose. Proetz 
h as given an e xtensive survey o f  these art i c l es. According to 
him. the di sagreement i s  the resul t o f  the fact that the normal 
nose is characterized by sl i t- l ike p assages. but that upon exami
nation of these p assages with a nasal speculum or a pharyngoscope 
the p assages are widened. With the aid o f  a model. Proetz comes 
to the conclusion that the air currents are shi fted to the l ower 
h al f  of the nasal chamber only when the upper p assages become so 
n arrow that they have to be considered abnormal. So under normal 
conditions the air certainly passes the o l factory region. 

Various exp erimenters. using mode l s  o f  c adavers. state that 
for normal breathing there are no eddy currents i n  the nasal cav
i ty. As di scussed abo ve. the n as al c av i t i e s  o f  l iving b e ings 
di ffer from those of  cadavers. A better argument for the l ack of 
eddy currents in the nasal c avi ty i s  that an odorous substance is 
only smelled for normal insp iration when p l aced i n  sp eci fic spots 
before the nose. ( Zwaardemaker ( 14 ) ) .  I f  eddy currents should 
occur extensively the odorant would b e  smel l ed wherever the 
source would be pl aced in the resp iration flow. 

The l umen o f  the human nose can be represented by the model o f  
fig. 8 .  For cal cul ations o r  experiments o n  the a i r  currents this 
model is  very suitabl e. but it  should be borne in mind that great 1 
individual di fferences are possibl e. Even for the same person the 
l umen of the nose can vary ·considerably by swell ing or shrinking 
of the conchae by con t ro l  of their blood supply.  Essent i al for 

I 
100 

F i g u r e  8 
Schemati cal represen t at i o n  o f  
t h e  l umen o f  the human n o s e. 
The ol factory epi thel i um i s  
si t uat ed i n  the top o f  the 
cav i ty,  t h e  area 0 i s  abo u t  

2 .  5 cm 2 •  
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the model are the trape?�id shape and the smal l distance between 
the septum and the l ateral wal l .  

To determ i n e  t h e  fraction o f  the ai r p assing t h e  ol f acto ry 
sl i t  some exp eriments ·wi th the model h ave been conducted. Water 
was sucked through the model with di fferent rates of  flow. To get 
the same streaml i nes as i n  the air the rates of flow in ai r and 
water have to be p roportional to the k inemati c  viscositi es. The 
viscosities for water and ai r are 0. 0 10 and 0. 000 18 Poi se respec
tively. The ratio of the densiti es is 1 : 830. So the ratio of the 
k inematic viscosities is 1: 15. The rate o f  flow o f  water h as to 
be 15 times smal l er than for ai r so as to get the same stream
l ines. Fbr normal inspi ration, the volume o f  inhal ed air i s  about 

1 250 cc fo r one nose side,  whi l e  the i nsp i ration time is  about 
1 second. A corresponding rate of flow fo r the water is 16. 5 cc 
per second. 

During exp eriments a suspension o f  small al uminium p articl es 
is brought into the water at the entrance o f  the model . The model 
was made of perspex in o rder to see the stre am l ines. In fig. 9 

the streaml ines for normal breathing are given. I f  the concentra
tion of the al uminium p articl es is not too l arge the spurs o f  the 
p articl es can be  photograp hed. From the l ength of the spurs i n  
the ol facto ry sl i t  and the time o f  exposu re i t  i s  possi b l e  to 
calculate the rate of  flow of the water in the sl it. 

Figure 9 
Sch emati cal rep r esentation o f  
the s t rean: l i n e s  i n  the model 

fo r no rmal b reath i n g. 

There appears to be some sc attering in the resul ts sinc e t�e 
l ength o f  the spurs depends on the di stance of the al uminium par-



38 

t i cles from the wal l .  I ndeed exact resul ts are no t importan t  
because individual di fferences o f  t h e  structure o f  the nose are 
l arge. The fol lowing results were obtained: 
1. No ai r currents p ass the i nferior p arts at normal breathing 
( 250  cc p er sec p er n asal chamber) . The ai r p asses through the 
p art of  the cavity lying between the top and a point which i s  1. 5 
cm above the base. So only a 2/3 fraction o f  the cavity i s  used. 
2. For normal insp iration the fraction of the i nspi red ai r p ass
ing the ol factory sl it  is at l east 5 and at most 10 .Jercent. 
3. At l arger rates of flow this fraction becomes l arger because 
the ai r current is  di rected towards the top of  the chamber. Ac
cording to our experiments percentages l arger than 20 p ercent are 
not to be expected. 

3. 3.  The frac t ion of the mol ecules  inhaled or inj ec t�d s t r ik ing 
the o l fac to ry ep i thel i um 

In order to determine the fraction o f  the mol ecul es strik ing 
the ol factory epithel ium it  i s  necessary to know what happens to 
the odorous mol ecul es there. According to Moncrief ( 15 )  i t  i s  a 
p rocess of adsorp tion; a dynamic equil ibrium adj usts i tsel f, so 
that at each moment mol ecul es arri ve at the ep i th el i um and an 
e qual number i s  tak en o ff. However, such an i nterpret at ion i s  
contradictory to the exp erience that the sensation o f  smel l stops 
suddenly when inspi ration stops. According to the assumption o f  a 
dynamic equi l i brium in the o l factory sl i t  mol ecul es are sti l l  
striking and l eaving the ep ithel ium.  The sensation cannot stop 
all at once, therefore. A very quick stop of the sensation is only 1 

possibl e if the width of the sl it is smal l,  because otherwise the 
diffusion time of the mol ecules is too l arge, and i f  moreover the 
main part of the mol ecul es is l ost in the gpeci fic receptormecha
nism or other parts o f  the ol factory epithel ium at the first time 
the mol ecul es make contact with the ol factory epithelium. 

If the ai r current p assing the ol factory sl i t  is stopped, the 
odo rous mol ecul es remaining in the sl i t  wil l  di ffuse to the 
wal l s. We shal l assume now that each mol ecul e contacting the wal� 
has no opportunity to l e ave the epithel ium. Assuming a width d o f  
the ol factory sl it  and a coefficient of  di ffusion D o f  the octo
rant, the number of mol ecul es N remaining tn the sl i t  after a 
certain time t is in fair app roximation given by 

( 1 )  
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where N0 i s  the number of mol ecul es in the o l factory sl i t  when 
insp i ration stops. Acco rding to the data given in  "Crit i c al T a
bl es" ( 16)  the coefficients o f  diffusion range between 0. 0 4  and 
0. 12 cm 2/ second for a l arge number of odorants. In the fol lowing 
discussion we shal l excep t a value of 0. 08 cm 2/second. For this 
value of the coefficient of di ffusion and a· width o f  the ol facto
ry sl i t  o f  1 mm. the number N o f  remaining mol ecul es in the sl i t  
after the time t i s  represented by 

( 2) 

When a p erson is breathing in an environment in which the con
centration of an odorant is 10 times the threshold concentration. 
the stimulus does not come below the threshold before the number 
of mol ecules in the ol factory sl i t  i s  one tenth of the number o f  
molecules in the s l i t  at normal insp i ration. According to formul a 
2. thi s  i s  the c ase after 30 m i l l iseconds when inspi ration h as 
ceased. Assuming a width o f  2 mm fo r the sl i t. thi s time i s  120 

m i l l isecond� So the number of mol ecul es striking the ep i thel i um 
wil l  very soon drop below the threshold val ue. acco rding to our 
assumption that each mol ecul e contacting the wall has no opportu
nity to l eave the ol factory ep i thel ium. I f  hal f of the mol ecul es 
are absorbed the fi rst time they make contact, the times wil l  be 
nearly twice as l on� 

Now the fol lowing experiment was made: During some t ime. not 
too long to prevent adaptation. an air current was sent into the 
nose. The concentration of the odorant in this air current was 10 

t imes the thresho l d  concentration. During a short i nt erval the 
air current was interrup ted. The interrup t io n  time was reg i s
tered. The purpose of the experiment was the determination o f  the 
shortest possible interruPtion time by whi ch the smel l sensations 
are separately perceived. The experiments were made with two sub
j ects. Both report ed that i t  was di fficul t to determine the de
manded time exactly. So the recorded times are approximations • . on 
the average this t ime appeared to be about 1 80 m i l l i seconds for 
d-octanol. . 

It i s  very p rob able. however. that the sensation does not stop 
at the moment when the stimulus comes below the threshol d. but 

' 
l asts somewhat l on ger. So the time o f  180 m i l l i seconds i s  the 
result of  two effects; fi rst because the molecules need a certain 
t ime to di f fuse to the wal l s  ( and to the sense cel l s) and second 
because the sensation p ro b ably l asts somewhat longer than the 
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stimulus. So the time o f  diffusion is certainly smal l er than 180 
milliseconds. 

The calcul ation o f  the di ffusion times indicated that for this 
case 30 - 1 20 m i l l i seconds are necessary before the number o f  
odorous mol ecul es i n  t h e  ol factory sl i t  i s  below the thresho l d  
value. 

Summari zing we m ay state that the smal l i nterrup tion times 
with which it is possibl e to perceive the smel l sensations sepa
rately. are i n  good agreement wit h  the c alcul ated di ffusion 
t imes. To get a di f fusion time whi ch i s  in agreement wi th the 
experimental time. it is necessary to assume for the calcul ations 
that the main p art of the mol ecules striking the ep i thel i um are 
lost the fi rst time they touch the ol factory epi thel ium. 

Di ffusion phenomena are import an t  fo r the calcul ation of the 
fraction of the odorous mol ecul es striking the ol factory epithel
i um. An essenti al quantity is the rate o f  flow of the ai r in the 
ol factory sl it. Suppose thi s rate o f  flow to be V cc per second. 
The odorous molecul es will then stay 0. 15/V seconds in the ol fac
to ry sl it because the c ap ac i ty o f  t he p art o f  the n asal chamber 
surrounded by the ol factory epithel ium is about 0. 15 cc. The mol
ecules di ffusing during thi s time towards the wal ls. are respon
sible for the origi n  of the sensation of smell.  According to for
mul a 2. the fraction striking the wal l s  i s  represented by 

80XO .  1 5  1 2  
1 - e  v = 1 - e

· v ( 3) 

The concentration of the odorant in the air p assing the olfac
tory sl it i s  not equal to the concentration o f  odorous mol ecul es 
in the air entering the nose. The mol ecul es striking the wall of  
the nasal chamber before the ol factory sl it i s  reached are prob
ably lost.  ( According to Zwaardemaker ( 14 )  most odo rants are 
absorbed by water surfaces. ) In the lower p art of the cavity. the 
adsorp t ion is much smal l er than in the upp er p art because the 
width of the chambe r  and the rate o f  flow i n  the lower p art i s  
l arger. The abso rp tion o f  odorous molecul es takes p l ace mainly i n  
the upp er p art o f  the cavity. therefo re. 

In the upper p art o f  the chamber. the Iitte of  flow V 1 does neAt 
di ffer much from the rate o f  flow V in the olfactory sl i t. The 
assumption that the absorption o f  the molecules before the ol fac
tory sl i t  i s  reached, occurs in a sp ace with a l ength o f  1. 5 cm 
and a width of 1 mm seems reasonable. According to formul a 2. the 
fraction of the mol ecul es reaching the ol factory sl i t  i s  equal to 
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80 � I  
e " VI  where V1 rep resents the rate o f  flow in the area in which 
the abso rption occurs and I the volume of this area. This vol ume 
i s  0. 15 cc. As V 1 i s  abo u t  V, the frac t i o n  o f  the mol ecul e s, 
reaching the ol factory sl it is 

e 
BOXO . 1 5  

V 
1 2  

e
" v . ( 4) 

Thus the fraction o f  the mol ecul es striking the epithel ium of the 
ol factory sl it is equal to 

1 2  1 2  
e

· v 
( 1 - e

- V) 
For smal l r at e s  o f  flo w  the number o f  mol e cul e s  strik i n g  the 
sense o rgan becomes very small because nearly al l mol ecul es are 

1 2  
being abso rbed in t he mucous membrane ( factor e

""> · Fo r very 
l arge rates of flow the fraction striking the sense organ becomes 
smal l again because only a smal l p art o f  the mol ecul es in the 
ol factory sl i t  can di f fuse to the wal l s. Between both areas an 
optimal val ue exists. Although for 1 arge rates o f  flow the frac
tion o f  the mol ecul es striking the wal l s  decreases. the tot al 
number o f  mol ecul es contacting the ol factory ep i thel ium reaches 
a constant value ( see below) . 

I f . V i s  the rate o f  flo w  o f  the air p assing the o l f acto ry 
sl i t, the odorous mol ecul es striking the ol factory epi thel ium p er 
second are contained by a volume which i s  given by 

1 2  1 2  
e · v .  ( 1 - e

" V"") . V .  ( 5 )  

Thi s  vol ume c an be cal cul ated fo r d i f fe rent rates of  flow. Fo r 
very l arge rates o f  flow the volume becomes constant because the 
odorous ai r reaches the ol factory sl i t  without losses. 

We shall consider the inspi ration o f  air with rates of flow o f  
200. 400, 800 and 1600 c c  per ·second. Through o n e  nasal chamber 
p asses 100, 200, 400 and 800 cc per second. At fi rst we shal l 
i gnore the fact that the fraction o f  the ai r p assing the ol fac
tory sl i t  depends on the rate o f  flow and assume that 7 p ercent 
is passing the sl i t, In formul a 4 we have to substitute then for 
� 7. 14, 28 and 56 cc p e r  second. The odo rous mol ecul es whi ch 
strike the ol facto ry epi thel ium o f  each nose side are now con
tained by a volume which is for a rate of flo w  o f  
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200 cc per second 0. 18 X 0. 82 X 7 = 1. 0 cc per second. 

400 cc per second 0. 42 X 0. 58 x 14 = 3. 4 cc per second. 

800 cc per second 0. 65 X 0. 35 X 28 = 6. 4 cc per second. 

1600 cc per second 0. 80 X 0. 20 X 56 = 9.  0 cc per second. 

So according to our cal culations the ratios of the threshold con
centrations are 1 : 1. 4 : 2. 6 : 9. 0. FO r  the rates of flow con
sidered. Le Magnen ( 18 ) has determ ined the rel ation between the 
threshold concentrations. He states for this relation 1 :  2 : 8 : 16. 

The di fferences betwe en the exP erimental and c al cul ated val ues 
are p robably caused by the fact that the fraction of the ai r 
p assing the ol factory slit is not constantly 7 p ercent. For l arger 
rates of fl ow thi s  fraction becomes l arger; acco rdi n g  to for
mul a 5 the d i fferences between exp e rimen tal and calcul ated 
threshold concentrations are becoming smaller then. 

We can conclude now that for normal breathing the number o f  
mol ecul es reaching the ol factory ep i thel ium o f  one nose side per 
second is contained by about 4. 4 cc. This is l ess than 2 percent 
of the total number of odorous mol ecules inhaled. 

When using the inj ection method. the stimulus times and in
j ected vol umes are exactly known. Unfortunately it is not possi
bl e to use large rates of flow with thi s  method. because a sensa
tion is produced by pure air alone then. (See 2. 3. ) 

First we shall cal cul ate the percentage o f  the inj ected mol e
cul es striking the ol factory ep i thel ium for the rates o f  flow of  
35. 70. 130 and 270 cc per second ( monorhinic inj ection) . Comp ared 
with normal breathing. the ai r i s  somewhat better di rected to the 
top of the nasal chamber. An assumption that 10 - 15 percent o f  
the air inj ected p asses the ol factory sl it seems reasonabl e. As
suming 15 p ercent. the molecule s touching the o l factory epi thel
ium per second are contained by a volume of: 

o. 10 X 0. 90 X 5. 2 = 0 .  47 cc. when 35 cc per second i s  inj ected, 
o. 32 X 0. 68 X 10. 5 = 2. 2 cc. when 70 cc per second i s  inj ected. 
0. 54 X 0. 46 X 19. 5 = 4. 7 cc. when 130 cc per second i s  inj ected. 
0. 74 X 0. 26 X 40. 0 = 8. 0 cc, when 270 cc per second i s  inj ected. 

So the ratios o f  the c al cul ated th resho l d  concentrations are 
1 : 1. 6 : 3. 6 : 17. 

To check the calcul ations the threshold concentrations have 
been determ in ed fo r d i fferent rates o f  flow. The resul ts are 
plotted in fig. 10. 

Here the minimum number of i nj ected molecules per second nee-
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essary to  p erce i ve a sme l l  sensation i s  gi ven as a function o f  
the inj ection time • ) .  

As discussed al ready i n  2. 3 ,  there i s  a loss o f  odorous mol e
cul es because part o f  the inj ected vol ume i s  lost. The infl uence 
of thi s loss can clearly be seen in  the· course of the curve fo r 
a rate o f  flow o f  35 cc per second. The raising o f  the threshol d, 
caused by this loss i s  l argest for smal l inj ection times because 
the inj ected vol ume is smal l then. In section 2. 3 the loss was 
calcul ated and p roved to be about 2 cc. So fo r an inj ection time 
of 200 m i l l i seconds and a rate of flow of 35  cc per second the 
exPerimental threshold has to be divided by a factor 1. 4 to find 
the correct threshold.  Fo r a rate o f  70 cc per second thi s  cor
rection i s  nearly a factor 1 . 2. Tak i ng these corrections i nto 
accoun t the rat ios o f  the n umbers o f  mol ecul es p er second at 
threshold are about 1 :  1. 3 : 1. 5 : 2. 1 for ' rates of flow of 270, 
130, 70 and 35 cc p er second resp ectively.  The ratios o f  the 
threshold concentrations are 1 : 2 .  6 : 6 .  0 : 16.  1 there fore * * ) . 

* ) The n um b e r  o f  mol ecu l e s  per seco n d  m ay b e  com pared wi th t h e  
l i gh t  i n  t e n  si  t y  i n  t h e  case o f  th e eye. 

* * ) Fo r m- xyl en e t h e  rat i o  o f  t h-e co n c ert t rat i o n s  i s  1 : 2 fo r 
rat e s  o f  f l o w  o f  200 cc and 10 0  cc p�r s econ �  See 2 .3. 
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Here the di fferen c e s  between the exp eriment al and c al cul ated 
ratios ( 1 : 1. 6 : 3 . 6 : 17) are not si gni fi cant; the fraction o f  
the air passing the ol factory sl it seems to be rather constant in 
this  case. 

When using inj ection times l arger than 0. 5 second, the experi
mental ratios of the threshold concentrations are: 1 : 2 : 4 : 8. 
Thi s  change in the ratio may be the resul t of the fact that for 
l arge times and rates o f  flow, the sensation produced by pure air 
alone can have some infl uence upon the thresholds determined. FOr 
this  reason the measured threshold for an inj ection time o f  e. g. 
one second and an inj ection rate o f  270 cc per second is p robably 
a l ittle too hi gh, whi ch infl uences the ratio to the other 
thresholds. 

A good check on these calcul ations i s  afforded by the rel ation 
between threshold concentrations for normal b�eathing and inj ec
tion. \1e determined from our experimen t s  with the model that the 
p e rcentage o f  the i n sp i red ai r p as s i n g  the o l factory sl i t  i s  
about 7 percent. T ak ing i nto account di ffusion and abso rp t i o n  
phenomena w e  cal c u l at ed that t h e  mol ecul es contained in  4. 4 cc 
strike the o l f actory ep i thel ium of one nose side for normal in
spi ration. FOr inj ection with a rate o f  flow o f  100 cc p er second 
this volume is 3. 7 cc. 

From th ree obs e rvations wi th secondary butyl mercap t an and 
m- xyl ene the thresho l d  concentration for inj ection during one 
second with a rate o f  flow o f  100 cc per second appeared to be on 
an average 1. 9 as l arge as for normal inspi ration in a current of 
500 cc per second. According to our cal cul ations one may expect 
a facto r o f  1. 2. This factor i s  smal l er than the observed val ue 
( 1. 9 ) which is p ro bably due to the fact that the inj ection was 
mono rhi n i c  whe reas i n sp i ration d i rhinic.  El sberg ( 1 8 )  s t ates 
that the th reshold fo r monorhinic inj ection is somewhat hi gher 
than for di rhinic. 

Summarizing we may state that for normal insp i ration app ro xi
mately 2 percent of the mol ecul es touch the ol factory epi thel ium. 
FOr inj ection with a rate of flow of 100 cc per second this p art 
is about 4 percent. 

3 . 4. The number of mo l ecu l e s  p e r  sense ce l l  and the number of 
recep tors ac t ing toge ther at thresho l d  s t imu l at ion 

It is a wel l known fact that the number o f  perceptibl e odorous 
molecul es varies wi th di fferent subj ects. To get some insight in-
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to these di fferences, the threshold concentrations for 4 di ffer
ent merc ap tan s  have been determi ned for five subj ects. The sub
j ects were chosen at random. FO r  the same odorant the threshol d  
determinations h ave been p er formed as much as po ssi bl e o n  t h e  
same day. The resul ts o f  the threshold determinations are rep re
sented in table 1. 

Ta b l e  I 
Thre sho l d  concent rat i o n s  fo r no rmal b reat h i n g. The subj ects 
are m ark ed by I . . . .  V .  I n  o rder to obtain t h e  th resho l d  con
cen t rat i o n s  in mo l ecul es p e r  cc the n umb e rs in t h e  t ab l e 
mus t be mul t i p l i ed wi t h  the co rrespo n d i n g  numbe r s  at th e 

ri ght s i de. 

I 1 1  I l l  I V  V 

I sobutyl mercap t an 1 G. 1 9. 0 20. 2 4 7. 3 X 4. 4 10 8 
A l l y l  m e rcap t an 1 0. 7 1. 0 2. 7 5. 3 X 6. 0 10 7 

I sop ropyl mercap t an 1 4. 0 5. 2 7 . 5 5. 7 X 2. 0 10 7 

secondary butyl mercap t an 1 1. 3 7. 6 35. 7 93. 4 X 1. 3 10 7 

The sensitivity o f  the 5 subj ects ( I- V) for al l substances in
vestigated decreases in  the o rder of  succession of I to V. The re 
are only a few excep t ions to thi s  rul e. I t  shoul d be possi bl e 
that the di fferences are partly the resul t o f  di fferences in an a
tomical structure o f  the nose. However, the sens i t i v i t i es vary 
a factor 7. 5 fo r al lyl mercap tan and a facto r 93 fo r secondary 
butyl mercaptan maximal ly. So there are p robably l arge di ffer
ences between number o r  composi tion o f  the sense cel l s  act i ve 
fo r this group o f  substances. Fo r that reason we shal l assume 
that for normal insp i ration the fraction of the ai r p assing the 
ol factory sl i t  is about the same fo r al l subj ects and that the 
number o f  mol ecul es striking the ol factory ep i thel ium i s  al ways 
2 percent o f  the number o f  mol ecul es inspi red. 

FOr the mercaptans the lowest threshol d concentrations deter
mined are 10 7 mol ecul es per cc for the subj ects examined. As for 
no rmal breathin g  the inhal ed vol ume is 500 cc p e r  second, t h e  
number of  mol ecules striking t h e  ol factory ep i thel ium p e r  second 
is about 5. 10 7 in one nasal cavity. 

As di scussed in chapter I I ,  the stimul us t ime is very imp o r
tant. Fbr normal insp i ration the stimulu� time i s  about 1 second. 
When usin g  a stimul at ion time o f  0. 15 second, or sho rter. the 
total number o f  molecul es requi red for a threshold stimul ation i s  
6 times small er than for a stimulation time o f  1 second. SO under 
this condi t ion the total number o f  mol ecul e s  requi red i s  about 
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9. 1 0 6. These mol ecul es strike the epithel ium which contains about 
2. 10  7 sense cel l s. 

What happens to the mol ecul es striking the ol factory ep i the-
l ium? In 3. 3 we have stated that the mol ecul es striking the epi
thel ium generally have no opportuni ty to l eave the surface of the 
epithelium. Do the mol ecul es out o f  a l arge area concentrate on a 
few specific sense cel l s? According to Kolmer ( 12) the epi thel ium 
is covered with a thin water- l ayer. The o dorous mol ecules have to 
diffuse to the sense cel l s  through the l ayer o f  water * ) .  

The distance between the sense cel l s  averages about 4 � .  where
as in 100  m i l l i seconds a mol ecul e would di ffuse over a distance 
of about 1 7 �  acco rdin g  to the fo rmul a: x 2 = v'"415t. where t i s  
the di ffusion time. D the co e f f i c i en t  o f  di ffusion and x2 the 
average square di stance. FO r  the coeffici ent of di ffusion a value 
of 7. 10 - 6  has been used. 

As di scussed on p age 39, the smell sensation disappears very 
soon when insp i ration o r  inj ection i s  stopped. The interval be
tween cessation of i nj ect ion or i nspi ration and d i sappearance o f  
the smel l sensation i s  a few tenths o f  a second. Thi s  i s  p artly 
caused by the fact that the mol ecul es take some time to di ffuse 
to the wal l s  o f  the o l fac to ry s l i t. SOme time is al so needed 
because the mol ecules in  the ep i thel ium surfaces d i f fuse to the 
sense cel l s. I t  i s  cl ear from the short t ime in  which the sensa
tion disappears and the above calcul ation that the mol ecul es can
not di ffuse over a much larger distance than the d istance between 
two sense cel l s. Therefore one sense cell is l ikely to get only 
the mol ecul es st ri k i n g  the ep i thel ium i n  the di rect nei ghbour
hood. 

In our c ase, with 9 .  1 0 6  mol ecul e s  upon 2. 1 0 7 sense c el l s. 
every two cel l s  get on the average one mol �cul e. We shal l p ro ve 
now, that a recep tor needs l ess than 1 0  mol ecul es to be activat
ed. It i s  necessary then to calcul ate the probabil i ty that one or  
more o f  the recep tors o f  the whol e  group o f  2. 1 0 7 cel l s  gets more 
than 10 mol ecules. If a sense cell receives on an average "hal f a 
mol ecul e", the chance o f  the sense cel l to receive 1 0  mol ecul es 

( 1/2) 1 0  - 1/ 2  
i s  presented by p 

10  = 
• e = 2. 10 - 10• The p robabil i ty 

10!  

• ) We have al so consi dered the p o s si b i l i t y  o f  m i g ration o v e r  the 
wat er su rfac� ( see: De Boer ( 19') ) .  M any odo ro u s  substan c e s  d i s
so l ve i n  wat er, ho wever, so s u r face m i grat ion m ay be onl y im
p o rtan t  fo r a few substances. T h en t h e  que s t i on remai n s  ho w i t  
i s  p o s s i b l e  t h at a mo l e cu l e  c an f i n d  th e co r r e c t  r e c ep to r,  
which i s  at  som e  dep th bel o w  t h e  waterl aye r. 



47 

o f  a receptor to receive mo�e molecul es is much smal l er, e. g. 22 
times smal l er for p 11 and 5 28 times fo r p 12 • One may state there
fore that the p robab i lity o f  a sense cel l to receive at l e ast 10 
molecules is 2. 10 - 10• The chance that each o f  the sense cel l s  o f  
the who l e  group o f  2 .  1 0  7 recep tors receives l ess than 1 0  mol e
cules is ( 1 - 2. 10 - 10) 2 • 10 7 

= 1 - 4. 10 - 3• So the probab i l i ty tlat 
on e o r  mo re o f  the sense c el l s  of the group gets 10 or mo r e  
mol ecul e s  i s  4. 10 -3 • An an al ogous c alcul ation gi ves that t h e  
P robabil ity o f  one or  more o f  the receptors to receive more t h an  
8 mol ecul es i s  8.  10 - 2• Thi s  i s  sti l l  somewhat smal l er than t h e  
actual p robabi l i ty o f  smel l ing fo r t h i s  concent ration. Con s e
quently a receptor needs 9 mol ecul es or l ess to respond. 

Assuming 20 recep tor types,  the p robabil i ty that one or mo re 
of the sense cel l s  of one recep tor typ e recei ves more than 9 
molecul es becomes 1 + ( 1 - 2. 10 - 10) 1 0 6 

= 2. 10 - 4• Cal cul ating the 
same p robab i l i ty fo r 7 mol ecul es or  more, a p robabi l i ty is  o b
t ained which is about equal to the actual p robabil i ty o f  smel l 
ing. Consequently a recep tor needs in t h i s  c ase 7 mol ecul es o r  
1 ess to respond. 

We had assumed, however, that all mol ecul es striking the ol fac
tory ep ithel ium reach the sense cel l s  and that no mol ecul es are 
l ost in other p arts of the ep i thel ium. Thi s  assumption is very 
unlikely. So the mean number of mol ecul es striking one sense cell 
is very probably smal ler than a hal f. 

Neuhaus ( 1 1 )  indicated that fo r the do g only one mol ecul e 
butyric acid i s  necessary to activate a sense cel l .  Fbr the dog 
one mol ecul e o f  mercaptan is  p robably also suffici ent to activate 
one sense cel l .  According to our investigations and cal culations, 
the number of mercaptan mol ecul es necessary to acti vate a sense 
cell in man is  certainly small er than 10 and probably even 1 for 
the most sensi tive mercaptans. 

A second question is the number of  sense cel l s  to be activated 
before a smell sensation is perceived. We shall assume that on an 
average N mol ecules are striking the ol factory ep ithel ium. Assum
ing an efficiency b, � molecul es are activating the sense cel l s. 
Al l the sense cel l s  are p robably not sensi tive fo r the substance 
use� esp ecial l y  in the nei ghbourhood of the thresho l d. Hai n e r  
assumes about 2 0  recep tor typ es ( 20 ) .  Thi s  seems a reasonabl e 
number. So about 10 6 sense cel l s  get fo .  bN mol ecul es. Mol ecules 
striking the other sense cel l s  are p ro bably lost, because there 
is  no time to diffuse to active sense cel l s. 

As di scussed in 2. 2, there i s  no sudden transition fo r the 
sense o f  smell between perceiving an odour o r  not, when the num-
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ber of odorous molecul es strik ing the sense o rgan is decreased. 
FOr a given concentration of the odorant the p ercentage of posi
tive responses may be e. g. 30 p ercent, for a somewhat l arger con
centration say 70 p e rcent. I f  o ne determines the percentage o f  
posi tive responses fo r v arious concentrations, a frequency o f  
smell ing curve is obtained. One o f  the possibil i ties i s  that the 
shap e  of thi s  frequency of smel l ing curve l i es in the vari ation 
of the sensitivity of the sense o rgan. It  is  also possible, how
ever, that the smooth transi tion i s  caused by statistical fl uc
tuations of the stimulus, i. e. in the number o f  molecules. 

In vi sion, the assumption that the frequency o f  seeing curve 
is c aused by fl uctuations o f  the number o f  quanta striking the 
eye, has led to the conclusion that 2- 4 rods have to act together 
simul taneously before a sensation is p erceived. 

We shall assume here al so that the frequency of smel l ing curve 
is caused by statistical fl uctuations in the number o f  mol ecul es 
striking the sense organ,  and try to determine from the steepness 
of the curve the number of sense cel l s  which have to act together 
before a sensation is percei ved. 

At fi rst we shal l assume that a sense cel l gives a response 
when only one mol ecul e ( o r  more) strikes the receptor and that 
one acti vated sense cel l i s  sufficient to g i ve a sensation. 
We have assumed 20 receptor types, the to tal number of mol ecul es 
strik ing the sense cel l s  bei ng bN. The chance f that the who l e  
group o f  one recepto r typ e gets one o r  more mol ecul es is  repre
sented by f = 1 - e ·  1/ 20 . b N

. 
I f  i t  i s  necessary that at l east m sense c el l s  are acti v ated 

simultaneously before a sensation is perceived, and assuming that 
one sens e  cel l responds al ready to one mol ecul e, the chance f 
that a smel l sensation i s  p ercei ved ( negl ecting the very smal l 
chance that one recep tor gets 2 o r  more mol ecul es) is given by: 

( 1/20 . bN) m• 1 
) f -= 1 - e - 11 20 • bN ( 1  + 1/20 . bN + • • • • • • • + (6)  

(m - 1) ! 

The steepness o f  the curve i s  dep endent on m. Fi gure 1 1  shows a 
few curves. 

The p art o f  the curve between about 20 and 70 percent o f  pos
itive responses is nearly strai ght. A characteri stic vari abl e  o f  
the curves i s  the ratio s wi th which the number o f  mol ecul es has 
to be increased for an increase o f  the frequency o f  smell ing from 
20 up to 70 p e rcent. s i s  a measure fo r the steepness o f  the 
curve. The dependence of s o n  m, cal cul ated from formul a (6) , is  
shown in fig. 12. 
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Fig ur e  1 2  
Th e theo re t i c al rel ationship b e tw een th e rat io s ,  wi th 
whi ch th e n um ber of mo l ecul es h as to b e  i n c reased fo r 
an i n c rease o f  the frequ ency o f  smel l i n g  o f  20 to 70 
p e rc e n t ,  and the number o f  s en s e  cel l s  M, wh i ch have 
to respond si mul taneo u s l y  b e fo r e a s en s atio n is  p e r-

cei ved. 
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Analogous fre quency o f  smel l ing curves are obtained i f  more 
than one mol ecul e i s  necessary to act i v ate a sense cel l .  The 
curves are even steeper then. 

In our experiments the dependence of the frequency of smell in g  
o n  the concentration o f  the odo rant has been determined. Some o f  
the resul ts are represented in  fig. 13. The experiments are per
formed for normal insp i ration. The subj ect insp i res once per min
ute in a current of air. the concentration o f  the odorant in thi s  
current is  changed at each trial .  Fo r  check stimul i with no odor
ous substance are al so given. Norm al l y  the number o f  responses 
for pure ai r i s  lower than 5 percent; runs wi th a higher regponse 
for zero stimulation have been omitted. When the subj ect cannot 
decide whether he percei ves a sensation, the response is counted 
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Exp eri mental c u rves fo r n o rmal b reathing rep resen t i n g  
the rel ation between th e frequency o f  smel l i n g  an d 
the co n c entration o f  the o do ran t. For the curves abo u t  

2 0  tri al s a t  each co n c en t ra t i o n  were m ade. 
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for hal f positive and {or hal f negative. I f  these doubtful cases 
are frequent, e. g. more than 20 percent, the who l e  exp eriment i s  
repeated. The apparatus used was described i n  Chapter I. 

For normal insp i ration the stimul ation time is about one 
second. Using the inj ection method the stimul ation time can be 
shortene� For secondary butylmercaptan a shortening of  the stim
ulus duration to 0. 10 second has no detect'abl e i n fl uence upon the 
steepness of the frequency of smel l ing curve. Of course the num
ber of mol ecul es necessary fo r threshold stimul ation i s  smal l er 
fo! shorter times. ( See 2. 4) . The slop e o f  the curve greatly de
p ends on fluctuations in the sensitivity of the subj ect. To p re
vent adap tation more than one observation p e r  minute i s  not al
lowed. · To obtain an accurate curve a l arge number of observations 
is necessary. So the experiment takes a long time. and variations 
in the sensitivity of the subj ect may occur. The curve wi l l  be
come flatter then. A cl ear examp l e  is shown in fig. 14; the sub
stance used i s  ethyl mercaptan. For 70 trial s  per concentration 
the steepness s is  smal l er than for 20 or 8 trial s  per concentra
tion. 

For this reason we restricted ourselves l ater on to about 10 -
20 observations for one concentration o f  the odorant. In the fol
lowing t abl e the fraction s by which the concentration has to be 
increased to get an increase of the ftequency of smel l ing from 20 

to 70 p e rcent i s  gi ven. The resul t s  st ated in the tabl e were 
mainly obtained wi th the author as subj ect. 

o do rant 

al l yl m ercap t an 

second ary butyl m e rcap t an 

i sop ropyl mercap t an 

i sobutyl m e rc ap t an 

terti ary butyl m e rcap t an 

thi op h enol 

ethyl m ercap t an 

1 : 3 xyl en- 4-ol  

m- xyl ene 

aceton e  

Tab l e  2 
t h r esho l d  co ncen trat i o n  
fo r no rm al insp i ration  

6 .  1 0  7 mo l ecul e s/ cc 

1. 10 
8 

mol ecul es/ cc 

1.  10 
8 

mo 1 ecul e s/ c c  

4. 10 8 mo l ecul e s/ c c  

6.  10
8 

mo l ecul e s/cc 

8. 10 8 
mo l ecu l e s/ cc 

1. 10 9 mol ecul e s/cc 

2 .  10 1 2 
mo l ecu l e s/ cc 

2 .  10 1 2 
mo l ecul e s/cc 

6. 10 1 3  mol ecul e s/ cc 

ratio s 

0 . 15 

o. 19 

o. 24 

o.  2 1  

o .  17 

o .  2 3  

o.  2 4  

0 . 3 3  

o. 19 

0 . 26 

The average val ue of the steepness s i s  0 . 22. I f  one exp ects 
that the most sensi tive odorants need a smal l er number o f  sense 
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Fi guu r 1 4  
Fo u r  frequ ency o f  sm el l i ng curves, sho wi n g  the  d ep end en c e  
o f  the  steepness s o f  t h e  curve on the  number o f  t ri al s  A 
p e rfo rmed fo r each co ncentration. Al l t h e  curves are d e
t e rm i n ed fo r the same subj ect, the o do r ant used was e t hyl 

m e rc ap t an ,  

cel ls  activated simul taneously befo re a sensation i s  p e rceived, 
accordi n g  to our theo ry the ratio s shoul d decrease when the 
threshold i nc reases. The val ue of s in  the tab l e  indicate that 
the steepness decreases by no means wi th increasing threshol d. 

Fbr al l substances used the fraction s does not di ffer sign i f
icantly. I f  one assumes that 1 mol ecul e i s  suffici ent to activate 
one sense cel l ,  which is p robably the case for the most sensitive 
mercaptans, then about 40 sense cel l s  have to be activated simul
taneously to get a val ue fo r s of 0.  22 ( see  fi g. 1 2) .  When i t  
t akes more than one mol ecul e to activate a sense cel l ,  a lower 
number of simul taneously activated sense cel l s  is possible. 

The fl uctuations in  the sensitivity of the subj ect. and the 
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fluctuations in  the concentration of  the odorant due to experi
mental inaccuracies are p robably the cause that the di fferences 
in  the steepness . s, which one expects according to the views p re
sented above. are not observed. Perhap s  the real curves are even 
steeper. We can only state that at l e as t  40 sense cel l s  have to 
be activated simul taneously, i f  one assumes that one molecul e i s  
suffici ent to activate one sense cel l .  

So the number of  mol ecules which are act i ve in  the ol facto ry 
p rocess i s  at least 40.  I f  one assumes that fo r the most sensi
tiv� mercaptans a hundred mol ecul es are requi red to activate the 
sense cel l s. then 1/20 . bN = 100 .  As N is about 10 8  mol ecul es, 
the effici ency b i s  equal to 2. 1 0 - � This is a very smal l effi
ci ency. Perhap s  much mo re sense cel l s  than a hundred have to 
respond simul t an eousl y b e fo re a sensation is percei ved. There 
i s  al so the possi bil i ty that a sensation i s  p erceived only when 
the activated sense cel l s  are situated in a smal l area, analogous 
to the eye, which needs about 2 - 4 quan t a  on 0. 0 1  mm 2 within 
0. 02 second to perceive a sensation. 

So the effi c i ency, which i s  defined here as the ratio of the 
number of mol ecul es requi red to activate the sense cel l s  and the 
number of mol ecul es striking the group of  sense cel l s, may have a 
reasonab l e  val ue fo r merc ap t ans. Using m- xyl ene, the thresho l d  
concentration i s  about a factor 1 0  4 h i gher. The effici ency b i s  
then very smal l i f  one assumes that only a hundred mol ecul es are 
requi red. Probably the number of mol ecul es necessary to activate 
one sense cell is much l arger than one. Yet a small e fficiency i s  
not out of the question. 

An analogous p robl em concerning stat i stical fluctuations 
arises wi th the determination of the perceptibl e di fference 6I o f  
t wo  smell intensi ties. The absolute, physical l imit for this dis
crimination is determined by the stati stical fluctuations in the 
number of mol ecul es strik i n g  the o l facto ry ep i thel i um. I f  the 
sensitive receptors receive 1/20 • bN mol ecul es on the average, 
the fluctuations in this number are of the o rder of 11/20 . bN • . 

The fluctuations in the di fference are of the order o f  lt/ 10 . bN. 
Consequently i t  wi l l  be i mpo ssibl e  to detect a di fference that 
does not exceed these fluctuations. The l imit given to the Weber 
fraction 

tJ.I 1 
I = %  lt/ 10 . bN • 

(7)  

Zigl er and Hol way (21) conducted some exp eriments wi th the 
o l factometer of  Zwaardemak er to determine the j ust percep t i bl e  
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di fferences. Acco rding to fo rmul a  ( 7) ,  log  61/I = %  l o g  I. + a 
constant because 1/ 10 . bN i s  p ropo rtional to I. In fi g. 15 the 
resul ts obtained by Zigler and Holway are stated in terms of log 
6I!I and log I. 

I 
o.a 

'; .... 0.6 
z 2 .. u .. 
a: ... 
a: w 
Ill 
w 
31: 

0.4 

0.2 

0.1 10 20 40 60 80 100 200 300 400 600 BOO 
ST IMULUS INTENSITY I 

F i g u r e  1 5  
The rel ation ship b e t ween the Weber fraction 

: 6.1/ I and the stimu l u s  in t en si ty I. Dat a from 
Zigl e r  and Ho l way. 

The curves are in reasonabl e agreement wi th the theo ry. The 
experimental resul ts are for India rubber. The threshold for this  
odorant i s  not given in molecul es per cc. 

When using butyric aci d, the Weber fraction i s  e qual to 0. 3 
when about 10 1 0 mol ecul es strike the o l facto ry ep i thel i um p er 
second (Neuhaus ( 22) ) .  I f  the curves in fi g. 15 are determined by 
the stati stical fl uctuations in  the number o f  mol ecul es strik ing 
the ol factory epithel ium, one expects that about 20 mol ecul es are 
responsibl e fo r act ivating the receptors. So here too a very low 
effeciency of  5. 10 - 7• Fo r the dog. the Weber fraction is 0.  3 when 
about 10 5 mol ecul es are striking the ep i thel i um. Here the e f fi
ci ency is p e rhaps a factor 10 5 l arger. 

To understand the phenomena di scussed. two e xp l anations are 
possible. The fi rst e xp l an ation i s  that these phenomena are 
caused by the stat isti c al effects o f  the mol ecul es striking the 
ep ithe l i um. This  e xpl anation has been d iscussed in the p resent 
section. If it is correct, i t  impl i es that the efficiency of the 
receptormechanism is very smal l .  The second exp l anation i s  that 
the phenomena are caused by the fluctuations in the organ itsel f. It 
i s  not yet possibl e to decide which exp l anation is the bet t e r  
one. I f  biological fl uctuations al so p l ay a p art, i t  is  certain 
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that the steepness o f  the frequency o f  smel l ing curve can only 
become smal l er than fo r stat i stical fl uctuations al one. So the 
steepness due to the stat i st i c al fl uctuation can only be l arge r  
than the steepness found and conse quently t h e  value found for m 

( 40 . receptors) al so c an only be l arger than the val ue al ready 
calcul ated. 
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C h a p t e r IV 

T H E P H E N 0 M E N 0 N 0 F A D A P T A T I 0 N 

4. 1. In troduc t ion 

Adaptation is the p rocess by whi ch the sensitivity of the sen
sory system changes when the stimulus inten s i ty is al tered. The 
phenomenon is  a very general one. occurring in al l sense depart
ments and is o f  great fundamental impo rtance to the interp reta
tion of the action of the sense organs. 

When the s ense organ i s  expo sed to a conti nuous unvary i n g  
stimulus. the sensitivity decreases during some time and becomes 
constant again. When the stimul ation of the sense organ ceases 
the organ regains i t s  fo rmer sensi tivi ty aft er some t i me. In 
vision the terms l ight and dark adaptation are used for these two 
possibil itieL 

FOr the sense of smell no terms for the two possib i l i t i es are 
avail abl e. As it is very awkward to describe the p rocesses each 
time as adaptation to a l arge. or adaptat ion to a zero stimulus. 
we shall name the first p rocess adaptation and the second recov
ery. Of course recovery is al so adaptation. 

Adap t ation phenomena h ave been investi gated extensively in  
psycho-physics.  A wel l  known el ectrophy s i o l o gical phenomenon 
analogous to senso ry adap tation is the decl ine in the frequency 
of di scharge o f  a singl e afferent coming from an end organ which 
is subj ected to p rolonged stimul ation. However. in many instances 
it is ext remely di fficult to transl ate el ectrophysiological re
sul ts into sensory equival ents at the p sychological l evel. Thi s  
i s  probably the resul t o f  the fact that the sensation p erceived 
is not based on the frequency code of a singl e afferent. but on a 
mul ti fibre pattern of impul ses which is transfo rmed on the way go 
the receiving centres in the brain. 

Di fferent l evel s of the sensory system may disp l ay  adaptation. 
Adaptation of the end organ, the nerves to the receiving centres 
in the brain and the central parts themselves is possibl e. A dis
cussion o f  these possibi l i t i e s  has been gi ven by Gran i t  ( 23 ) . 

The adaptation and recovery o f  a sense o rgan can be investi
gated in various ways. The qu�tities important to the adaptation 
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of  the sense of  smell are the time during which a stimulus has to 
be suppl ied to the sense organ befo re the smel l sensation d isap
pears, the rai sing of the threshold during adap t ation to a con
stant stimulus as a function of time and the recovery of the sen
sitivity of the sense organ after adap tat ion to a strong sti m
ulus. 

As can be seen in 4. 2 the terms adap t ation and fati gue are 
both used to characterize the adap t ation of the sense organ to 
the suppl ied stimulus. Normal ly, fatigue indicates that p rocesses o f  
metabol i sm are incap able o f  acting adequately in  e. g. muscul ar 
action. "Fati gue" of the sense o rgans is p robabl y  not based on 
metabol i c  p rocesses. For the sense of smel l i t  is better to use 
the term adap tation only; when the terms fati gue and adaptation 
are used both i t  has to be demonstrated that two di fferent p ro
cesses occur. 

4. 2. Adap t a t ion phenomena fo r vartous sense o rgans  

In v i s i on, t h e  fi rst p rocess necessary t o  percei ve a l i ght 
sensation i s  the abso rption of  l i ght quanta in  the photochemi c al 
material o f  the receptors. Adap t ation to bri ght l i ght is accom
panied by a bl eaching of the retina; the amount o f  photochemical 
p i gment ( rhodopsin) decreases. At fi rst the origin o f  the chan ges 
o f  the sensi tivi ty o f  the eye was sought in the changes of the 
concentration of the materi al s sensitive to l i ght. The bl eachi ng 
o f  the rhodopsin woul d be the only important factor. At present. 
however, it is generally accep ted that the decrease of the sensi
tivity is al ready signi fican t  for stimul us intensities which can 
hardly p roduce any bl eaching. A di scussion o f  th i s  p robl em has 
been given by De Vri es ( 24, 25) .  

Nowadays it i s  clear that fo r low intensi t i es adaptation takes 
place on another l evel in the vi sual p rocess. The investigations 
of  this  probl em l ed to the conclusion that the mechani sm by whi ch 
the first neuron i s  stimul ated by means o f  products of the photo
chemical substance or the integrating activi ty at synaptic j unc
tions is dependent on the state of adaptation. 

Adap tation of the receiving centers in the brain c an probably 
be ruled out. Accordi ng to the resul ts of Bouman ( 26)  it is not 
possibl e to influence the sensitivity of one eye by adaptation o f  
the other. Mandelbaum states that the dark adaptation o f  one eye 
i s  independent of the presence o f  l i ght adaptation of the other 
eye. However, Elsberg and Spotni z ( 27)  obtained di fferent resul ts. 



58 

Craik and Vernon ( 28 )  showed t h�t the dark adap t ation i s  no t 
influenced by a temporary p ressure to the eyebal l appl i ed in such 
a way that the eye i s  temp o r ari l y  bl ind. On acco unt o f  these 
resul ts i t  may be concl uded that as regards the eye. ap art from 
the nervous m echan i sm in the retina and th·e b l e achi n g  o f  the 
rhodopsin probably no adaptation occurs. 

As for the ear a di stinction is made between "fatigue" o f  the 
ear o f  sho rt duration. and the ·norm al " fati gue". whi ch l as t s  
longer. The fatigue o f  t h e  ear of  short duration is  cal l ed adap
tation. It is possibl e that both phenomena are the resul ts of the 
same reversibl e process. Yet the rel ation between adap tation and 
"fati gue" has to be investigated thorough l y  b e fo re the di f fer
ences between "fati gue" and adaptation become cl ear. 

When using not too l arge intensi t i e s  o f  sho rt duration. the 
adaptation to the accoustical environment i s  a fast and compl ete
ly reversible process. 

Analogous to adap tation i s  the phenomenon of masking. Masking 
is  the p rocess by which the threshold of one tone increases when 
simul taneously another tone i s  suppl i ed. The mask ing e ffect i s  
most pronounced when the masking tone i s  strong an d  when the fre
quenci es are nearly e qual .  Both adap tation and mask ing give an 
increase o f  the threshol d  and the p rocesses are to such a degree 
analogous that. according to Llischer and Zwi slocki ( 29 ) . mask ing 
and adaptation are the results of the same p rocess. 

In the case of the ear the local i sation of the pl ace where the 
adaptation is situated is not so di fficul t. From binaural experi
ments p erfo rmed by Llischer and Zwi slock i ( 30 )  it is cl ear that 
the threshold of one ear i s  not rai sed by supplying an adaptation 
tone to the other ear. Harri s and Rawnsly ( 3 1 )  i n d i c ate that 
adap tation does not o c cur in the middl e e ar. They com e  to the 
conclusion that the adap tation p rocess occurs in  the cochl ea. It  
i s  not  yet c l e ar whether the adap t ation p rocess i s  o f  nervous 
ori gin or not. 

Llischer and Zwi slock i too. come to the conclusion that for the 
ear adap tation is a peripheral �rocess. They stat e  that the adap
tation p rocess may be an adap tation of the end o rgan or that the 
auditory nerve attains equil ibrium. 

The ori gin of fatigue is not yet known. 
Other receptor typ es also show adaptation phenomena. Matthews 

( 32) investigated the el ectrophysiological p roperties o f  p rop io
recep to r s  o f  the muscl es and demonstrated that the adap t ation 
occurs mainly within 0. 1 second. According to Matthews adaptation 
di ffers from fati gue. P robably the adap tation p rocess has some 
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connection with the polari sation o f  the membrane and displ acement 
o f  ions during the p rocess. whi l e  fati gue depends on the consump
tion of o xygen and exhaustion o f  the reserves. 

Adrian and lD tterman (33) a. o. investi gated the adap tation o f  
the p ressure recep to r s  o f  the sk in. I n  t h i s  case a con t i nuous 
stimul ation gi ves a decrease in  sensitivi ty. Acco rdi n g  to  Nafe 
and Wagoner ( 34 )  the adap tation of the p r essure recep t o r s  i s  
c aused by a decreasing o f  the stimulus i tsel f. They state that 
p ressure is fel t j ust as long as the movement o f  a weight, p l aced 
on the sk in surface, i s  maintained . . when t i ssue resi stance re
duces motion to an undectabl e l evel the sensation fades out. The 
end point i s  reached, and it i s  obvious that comp l ete adap t ation 
rep resents stimulus fail ure. 

The sense of taste is al so subj ect to adap tation. The adap t a
tion may p roceed to such an extent that the taste sensation di s
appears. Thi s  phenomenon i s  different from the adaptation phenom
ena of the ear and eye. Here a sensation is al ways p e rceived, i f  
the stimulus i s  l arge enough to give a sensation i n  the begin
ning, no matte r  how long the stimulus is suppl i ed. Adap t at i o n  
p henomena fo r t h e  sense o f  taste h ave been investi gated by 
Abrahams a. o. ( 35 )  and Hahn ( 36 ) .  The resul ts are di scussed i n  
4 .  8 .  

The adap tation o f  the sense of sme l l i s  wel l known. A p erson 
entering an environment in which a strong odorant is p resent wil l  
at fi rst p ercei ve a strong smel l ,  but for various odorants thi s  
sensation disappe ars very soon. After a few minutes no sme l l  i s  
P ercei ved any lon ger. The di sappearance o f  the sme l l  i s  cal l ed 
"ol factory fati gue". As many odorants have bad smel l s, the "ol 
factory fati gue" i s  very import ant. As di scussed al ready i n  4. 1 
i t  i s  better to use the term adaptation and ·not the term fatigue. 
In the sections below the ol factory adaptation wil l  be discussed 
in detail .  

4. 3 .  El e c t rophysio logical  inve s t igat ions concern ing the  adap
tat ion. of the sense o f  sme l l 

To give some insight into· the ol factory mechani sm, the el ec
trophysiologi cal investi gations of Adri an ( 37) and Ottoson ( 38 )  
are very important. Adrian investigated the el ectrical activi ty 
o f  the mammal i an ol factory bulb, Ottoson studied the activi ty o f  
the epithel ium o f  the frog. The l atter performed some experiments 
concerning the cap acity o f  t he o l f acto ry ep i thel i um to del iver 
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electric al potenti al s  after p revious stimul ation. When the p repa
ration was stimul ated at sho rt i nterval s, the respon ses became 
successively lower, the reduction o f  the ampl itudo rel ated to the 
strength o f  the stimu l u s. Even fo r an i nt e rv al o f  one minute 
between two stimul ations, the response to the second stimul ation 
is somewhat small er, if l arge stimul ations are used. 

Acco rding to Adri an ,  the o l factory bulb of the r abb i t  shows 
potential osci l l ations of two kinds, viz: induced waves set up by 
strong ol factory stimul i and intrinsic waves due to p ersi stent 
activi ty o f  the cel l s  i n  the bul b. They diso rgan i ze the rap i d  
intrinsic rhytm o f  the bulb and supp ress the persi stent di scharge 
of impul ses in favour of the ol facto ry di scharge at each inspi ra
tion. Ul timately,  however, the i n t r i n s i c  act i v i ty i s  bui l t  up 
again and the persi stent di scharge returns. swamp ing the trans
mission of the ol factory signal s. As there is no sign o f  failure 
of the receptors, under repeated stimul ation at each inspi ration, 
it is suggested by Adrian that the weaken ing and ul timate fai lure 
of sensation in man i s  due to thi s  reappearance o f  the intrinsic 
activity after its initi al disorganization. 

Adap tation of the sense o f  smell i s, according to this concep
tion, the loss o f  the cap acity o f  the ol f actory signal s to di s
organize the intrins i c  activi ty o f  the cel l s  in the bul b. Recov
ery o f  the sense of smel l is the recovery of the cap acity o f  the 
ol factory signal s to supp ress the intrinsic activity of the bul b. 

4 . 4 .  The adap t at ion t i me  requ i r ed fo r t he c e s s a t t on of t he 
sme l l  sen s a t i on upon p ro l onged s t imu l at ion 

In general , the determination o f  the adaptation time requi red 
for the cessation of the smel l  sensation is h amp ered by v arious 
accomp anying sensat ions.  There are fo r i n s t an c e  odo ro u s  sub
stance�. which give a stimul ation o f  taste or "heat" recep tors. 
There are al so substances whi ch give a sti nging o r  burning sensa
tion. The stimul ation o f  the tri giminus 1 s  pl aying a part then. 
Often a distinction i s  m ade between pure o do rous substances and 
odorous substances, where the odorous sensation is accompan i ed by 
a "tri giminus sensation". El sberg ( 39 )  investi gated a seri es o f  
24 odo r ants oy send i n g  o dorous ai r thro ugh t h e  nose fo r some 
time. He found that 21 out of the 24 substances showed a stimul a
tion o f  the tri giminus when l arge concen trations were used, So 
the discrimination between pure odorants and odo rants with stim
ul ation o f  the tri giminus does not seem convincing . .  Probably all 
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substances wil l  stimul ate the trigiminus i f  a suffi ciently l arge 
concentration of the odorant is used. It  is desi rabl e therefo re 
to use concentrations o f  the odorant with which no stimul ation o f  
the tri gimi nus occurs, al though a wel l trained subj ect wi l l  be  
abl e  to  di stinguish between the trigiminus and smel l sensation. 

In thi s  section, we shall use the abbreviation "A. T. C. S. " fo r 
"adap tation time requi red fo r the cessation o f  the sme l l  sensa
tion" because it i s  very inconvenient to use this long term every 
time. 

During adaptation the smel l sometimes di sappears but reappears 
somewhat l ater. When once thi s si tuation i s  reached the sme l l  
soon disapp ears definitely, however. According t o  our experience, 
the sensation of the tri giminus is much longer p ercep t i ble  ( e. g. 
m-xylene) . 

It is obvious that the A. T. C. S. dep ends on the adap ting inten
sity used. Woodrow and K arpm an ( 2) are the only i nvesti gato rs 
who have taken into account adapting i ntensities in measurements 
of the A. T. C. s. 

a) S u r v e y o f p r e v i o u s i n v e s t i g a t i o n s 
Aronsohn (40 )  conducted some experiments as e arly as 1886. He 

determined the A. T. C. S. ( the adap tation time needed for the cessa
tion o f  the smell sensation) o f  9 odorants upon p rolonged stimu
l ation. The substances used were among others camphor, eau de 
Cologne and coumarin. The adaptation times requi red vari ed from 2 
to 1 1  minutes. He al so used two di fferent concentrations o f  eau 
de Col o gne. Fo r the smal l est concent ration the A. T . C. S. was 1 
minute; for the undil uted substance the adap t ation time requi red 
was 10. 5 minutes. As eau de Cologne belongs to the odorants which 
stimulate the trigiminus. the experiment is not concl usive. 

Vaschide ( 4 1) c ame to the conclusion that 30 minutes adap t a
tion to c ampho r i s  no t suffi c i ent fo r cessation o f  the "sm e l l  
sensation" ( fo r  normal breathing) . Thi s  1 arge adaptation time is 
p robably caused by the stimul ation o f  the trigiminus, whi ch 
adapts much more slowly than the ol factory organ. 

El sberg ( 42 )  investi gated the A. T. C. S. at subse quent inj ec
t ions o f  odo rous ai r i nto the nose.  The i n te rval between t h e  
inj ections was 15 seconds fo r o n e  exp eriment, fo r t h e  o ther 20 
seconds. In the former case about 10 inj ections, in the l atter 
case about 15 inj ections were sufficient for the disappearance of 
the smell.  The odorant used was citral.  

Woodrow and Karpman ( 2) are the only ones who vari ed the con
centration o f  the odorant in such a way that the st imul us was 
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defined exactly. The A. T. C. S. ( upon continuous st imul ation) was 
determined for p ropyl al cohol.  c amphor and naphtal ene. The con
centration o f  the odo rant was vari ed a factor 3 to 5. Di fferent 
concentrations were obtained by changing the temperature o f  the 
odorant through which the ai r- current was sent. When the vapour 
pressure o f  the odo rant at a certain t emp erature was twi ce as 
large as befo re, the number o f  the mol ecul es in  the stimul us was 
also twice as l arge. The threshold o f  the subj ects was not deter
mined however. 

The results of Woo drow and Karpman indicate that the A. T. c. s. 
( the adaptation time requi red for the cessation of the smel l sen
sation) is p roportional to the adapting concentration. The rel a
tion found between thi s  adaptation time t and the adapting inten
sity i s  t = K + ki, where K and k are constants and I the concen
tration o f  the odo rant.  I t  i s  obvious that this formul a i s  only 
val id fo r a smal l ran ge, because the A. T. C. S. is app ro ximately 
zero for the threshol d concentration, whereas the formul a assumes 
the smal l est possibl e time to be K .  For the substances used K was 
found to be 1 1 . 5,  28 and 48 seconds, thi s is significantly above 
zero, which impl ies that the fo rmul a o f  Woodrow and Karpman i s  
not val id  for small concentrations. 

b) R e  q u i r e  m e  n t s t o  b e f u 1 f i 1 1  e d 
For studying the A. T. C. S. ( the  adap t ation time requi red fo r 

the cessation o f  the smel l sensation) i t  i s  necessary to exp ress 
the adapting concentration in  the absolute threshold concentra
tion. So the adap ting concentration i s  given for instance as 100 
times the threshold concentration. "Equal " adapting intensi ty fo r 
di fferent subj ects means that the stimul us intensities wi th the 
individual absol ute thresho l d s  as uni t  fo r the various subj ects 
are e qual . Only if t h i s  requ i rement i s  ful fi l l ed it i s  to be 
expected that the same A. T. c. s. c an be  found for equ al adapting 
intensi t i es. 

The measurements o f  Vaschide ( 4 1 )  and Aronsohn ( 40 )  do not 
meet this requi rement. Aronsohn used undil uted odorous substances; 
Vaschide expressed· the adapting intensi ty in quantity o f  odorous 
substance di ssol ved. Fo r the exp eriments of Woodrow and Karpman 
the stimulus control  was ade quate but h ere. too , the abso l ute 
thresholds o f  the subj ects were not determined. 

c) E x  p e r  i m e n t s 
We have used d- octanol and m- xyl ene as odo rants. As El sberg 
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( 39) states al ready, for normal breathing the stimul ation of the 
t ri giminus is o ften not p ercep t i �l e. However, continuous inj e c
tion o f  odorous ai r into the nose very soon gives a percep ti b l e  
stimulation o f  the tri giminus. We have compared both methods for 
m- xylene. I f  an ai r- current o f  100 cc per second wi th a concen
tration of the odorant 100 times the threshold concentration was 
sent continuously into the nose, al ready wi thin a few minutes a 
strong burning sensation appeared. Wi th normal breathing, a stim
ul ation o f  the trigiminus i s  hardly detectable fo r a concentra
tion a hundred times the threshold concentration. Fo r  l arger con
centrations, a burning sensation is al so perceptibl e with normal 
b reathing. Thi s  burning s ensation l asts much l on ger th an t h e  
"smell "  sensation. During an experiment with m- xyl ene, the burn
ing sensation was sti ll  p ercep tibl e  for an adap tation time twi ce 
as long as the adap tation time required fo r the cessation of the 
"smel l " .  A wel l - trained subj ect can distinguish between the two 
sensations. Yet for continuous inj ection the trigiminus effect i s  
too strong in the case o f  m- xyl ene. 

When d- octanol is used as odorous subst ance a stimul ation o f  
the trigiminus i s  not perceptibl e for cont inuous inj ection wi th 
the concentrations of the odorant used in our exPeriments. 

The subj ect ' s  experience is that it is easier to determine the 
instant when the smel l sensation disappears for normal breathing 
than for continuous inj ection. At fi rst si ght normal breathing 
does not seem very suitabl e for the determination o f  the A. T. C. S. 
( adap tation time requi red fo r the cessation of the smel l sensa
tion) . First because the sense o rgan gets the opportunity o f  p ar
t i al recovery between two insp i rations, secondly because t h e  
inspi ration time and vol ume m ay  vary. The p arti al recovery, how
eve� is not important for the study o f  the rel ationship between 
A. T. C. S. and the adap ting inten s i ty because the i n fl uence upon 
the A. T. C. S. i s  comp arati vely the same fo r each concen tration.  
The second reason, the var i abil i ty o f  the insp i ration time and 
volume, p roves to be less serious as exPected; for a wel l- trained 
subj ect the scattering of the resul ts is smal l for normal breath
ing. 

Fo r these re ason s  we h ave cho sen no rmal breathing fo r all· 
adaptation exPeriments. 

The e xp e rimental p rocedure was as fol lows:  
First the threshold concentration of the subj ect. when no t 

adapte� was determined. FOr thi s  determination. the subj ect took 
one insp i ration a minute in an air current o f  which the odorous 
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concentration could be vari ed. After determination of the abso
l ute threshol d ,  the conc entration of the odo rant in the current 
of ai r was raised a given facto r. The subj ect breathed qui etly in 
this ai r current unt i l  the smel l sensation w as no l onger p e r
ceived. The A. T. C. S. was regi stered. Before the next experiment. 
the subj ect was given about one and a hal f  hour to regain h i s  
former sensitivity. The same p rocedure a s  stated above was re
peated then. 

For the determination o f  the abso l ute threshold about 15 
trial s  were suffi c i ent. The subj ect could change the current of 
�dorous ai r in such a manner that the ai r was sent into the cabin 
through an aperture with a diam eter of 1. 6 cm. During adap tation 
the subj ect breathed at a rate of 20 insp i rat ions a minute in 
this ai r current, with the nose at about 0. 5 cm from the aperture. 

In fi gure 16 the rel ationship between the A. T. C. S. and the 
adaptation concentration o f  the odorant is represented. The adap
tation concentration C i s  given in uni ts of the absolute thresh
old concentration. So C = 1 i s  the absol ute threshold concentra
tion. 
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F i g u r e  1 6  
T h e  rel at i o n ship between the  adapting concentrat i on C 
an d the  adap t ation time · requ i red fo r th e c e s sati o n  o f  
the sm e l l  s en sati o n  fo r ' d- o ct ano l and m - xyl e�e 
do tted curve fo r d-o ctano l i s  gi ven by t ....=.......20_VC - 1 ,  

the curve fo r m- xyl ene by t = 30 v'C- 1. 

It i s  cl ear that for the investi gated range o f  concentrations, 
the rel ation between the A. T. C. S. and the used concentration i s  
not a l inear one. For a stimul us intensity o f  1 0  times the abso
lute threshold an adap tation time of about 60 seconds is requi red 
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when d- octanol is used. FOr 100 times the threshold concentration 
this time i s  2 10 seconds. A fai r app roximation for the adaptation 
time t is fo und, i f  one p l o t s  t as a function o f  �- The 
dotted curve given in fi gure 16 sati sfies the equation 

t = 20 ve-:-1 

for d- octano l .  The results o f  analogous experiments for m- xyl ene 
are al so stated in  figure 16. Here the curve co rresponds with the 
equation t = 30 � 

·comp aring m- xyl ene to d- octano l ,  the A. T. C. S. i s  wi th equal 
adapting intensities for d- octano l  a factor 1 . 5 smal l er than for 
m- xyl ene. The adap tation t imes determined fo r m- xyl ene show a 
larger scattering than the times for d-octanol .  Thi s  i s  p robably 
the resu l t  o f  the stimul at i o n  o f  the trigimi nus fo r m- xyl ene, 
with whi ch it i s  more di fficul t to determine the instant of ces
sation of the smel l .  

It is impo ssible to compare our results di rectly with those o f  
Woodrow and Karpman, because the l atter made use o f  continuous 
inj ection. According to these experimenters, the A. T. C. S. ranges 
from 60 to 200 seconds fo r on an average a fourfold increase o f  
the concentrations o f  the used odo rants. According to a few ex
periments made by us, the A. T. C. S. required for normal breathing 
i s  about 1 . 7 t imes as l arge as for continuous inj ection. So the 
variations in inj ection time of 60 up to 200 seconds fo r the ex
periments o f  woodrow and Karpman corresnond for normal breathing 
with a variation in  adaptation times of about 100 to 340 seconds. 
In o ur exp e riments the corresponding vari ati ons in the concen
trations of the odorant are a facto r 8 and 6 fo r d- octanol and 
m- xyl ene respectively. The di fferences with the resul ts of WOod
row and Karpman are p robably caused by the use o f  di fferent odor
ous substances. In any case thei r  resul ts are not contradi ctory 
to ours, because our curve for d- octanol i s  app roximately l inear 
when adaptation times larger than 100 second s are requi red, i n  
accordance with the l inearity found by Woodrow and Karpman in  
this range o f  times. 

4. 5. The rai s ing of the thre sho l d  dur ing adap tat ion 

The best way to rep resent the chan ge i-n sensi t i  vi ty of the 
sense o rgan to whi ch a p rolonged stimul us is suppl i ed i s  the de
termination of the j ust p ercept ibl e concentration o f  the odo rant 
as a function o f  the adaptation time. A sp eci al case i s  the de-
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termination of the A. C. T. S. , which was di scussed in section 4. 4 ,  
because at the moment when the smell di sappears the j ust percep
tible  concentration is equal to the concentration of the adapting 
stimulus suppl ied. 

a) S u r v e y o f p r e v i o u s i n v e s t i g a t i o n s 
The rate o f  adaptation app ears to be dependent on the adap ting 

intensi ty. With the aid o f  an ol factometer some experiments h ave 
been made by zwaardemak er ( 43 )  to investi gate the i n fl uence o f  
the adapting intensity UPOn the rate o f  adaptation. The sense o r
gan was adapted to a certain stimulus intensity, which was stated 
in terms of exposure o f  the odorous substance in cm. The rai sing 
of the threshold was determined with the aid of the same ol facto
meter by changing the surface o f  the ·odorous substances exposed. 
As di scussed al ready in chap t e r  I, the amount of odo rous sub
stance exp o sed i s  p e rh ap s  not comp l e t e l y  p roporti on al to t h e  
stimulus intensity. Smal l deviations are possibl e, therefo re. The 
resul ts of the experiments o f  Zwaardemak e r  are gi ven in fi gure 
17. 
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F i g u r e  1 7  
Ol facto ry adap t ation t o  t wo co n centrat i o n s  
o f  benzo in an d I n d i a  rub b e r; acco rding to 
Zwaardemak e r. The ad ap t i n g  i n t ensi  t i e s  fo r 
benzo i n  were 9 and 3. 5 o l  fac t i  e s  resp ec
t i vely ( cu rves 1 and 2 ) ; fo r Ind i a  ru bber 

14 an d 10 o l fac t i e s  ( cu rves 3 an d 4 ) .  

I n  figure 1 7  the rai sing o f  the threshold as a function o f  the 
adaptation time is gi ven fo r two di fferent stimulus concen t r a
tions o f  ben zo i n  and I ndi a rubber. I n  the case o f  benzo in, to 
which adap tation i s  more rapid, a concent ration 9 times the 
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thresho l d  value p roduces a fourfol d hei ghtening o f  the absolute 
threshold in 5 seconds. Tpe time required for an equal raising o f  
the thresho l d, when a stimul us intensity o f  3. 5 times the abso
l ute threshold is used, is 3 times longer. Analogous resul ts can 
be deduced from the curves for Indi a rubber. 

According to the curves, the raising of the threshold is l i near 
to time. App arently the adap t ation p roce'sses h ave not yet been 
brought to compl etion. It i s  a question whether the th reshol d s  
become infinitely high o r  reach a constant value. 

vaschide ( 4 1) p erfo rmed anal o gous exPeriments. The substances 
used were campho r, ammonia and ether. The resul ts are in acco rd
ance with those o f  zwaardemaker. However, vaschide expressed the 
adapting intensity in quantity of odorous substance di ssolved, to 
which the adapting intensity need not be propo rtional.  

Komuro ( 44) determined the raising o f  the  threshold for three 
odorants: terpineo l ,  guaj acol and capric acid. He used di fferent 
concentrations of the odorants. The subj ect took 5 insp i rations 
o f  ai r whi l e  the co ncentrat i o n  o f  the odo ran t  was known. Th e 
adaptat i o n  time was about 15 seconds, the refore. By means o f  
Zwaardemake r • s  o l factometer the rai sing o f  the thresho l d  was 
determined. The resul ts are rep resented in fi gure 18. 

Backman (45 )  evaporated a known quantity of odorous substance 
in a room. During a quarter of an hour the subj ect adap ted com
p l etely to the odo rous ai r in the room. Aft e r  adap t ation, the 
smal l est perceptibl e  concentration of the odo rant was determined 
with the aid o f  a "camera odorata" .  The perceptible concentration 
app eared to be sm al l e r  th an the adapting concent ration. Komuro 
obtained the same resul t. 

Zwaardemaker noticed that the di fference is p robably caused by 
a recovery o f  the sense o r gan between the two measurements. I n  
4. 6 we shal l show that thi s  i s  indeed very p robabl e because at 
first recovery is very fast. 

Cheesman and Mayne ( 46 )  p e r fo rmed exp e riments an alo gous to 
those o f  Komuro. However, they too exPress the stimulus intensity 
in terms o f  amount of odorous substance di ssolved. 

b) E x p e r i m e n t s  
The aim o f  our exp e riments i s  to i nvesti gate the raising o f  

the threshold when the subj ect i s  breathing i n  a current o f  odor
ous ai r in which the concentration o f  the odorant i s  constant. 

The exPeriments started with the determination of the absolute 
threshold. After determination of the threshold. the subj ect was 
adapted to a given stimulus concentration, say 100 times the ab-
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F i g u r e  1 8  
T h e  ra1 s1ng o f  the  thresho l d  when ad ap t ed d u ri n g  
5 i n sp i rat i o n s. The rai! sing o f  t h e  thresho l d  a s  
a funct ion o f  t h e  adap t ing i n t e ns i ty i s  gi ven 
fo r guai aco l ( 1 ) ,  cap ro i c  acid ( 2 )  and t e rp i n eo l  

( 3) .  Acco rdi ng t o  Kom u ro .  

solute threshold concentration. The probl em now is  the determina
tion of the threshol d  concentration as a function of the adapta
tion time. A possi b i l i ty i s  to cease adap t ation on a given in
stant and to determine  the thresho l d  reached. Even fo r a rough 
determination of a threshoLd, however, a time o f  at l e ast one 
minute i s  requi red. Durin g  thi s time, the sense organ reco vers 
p arti ally, and the wrong threshold i s  measured. Therefore we have 
used the following p rocedure: 

During adap tation to the stimul us concent ration, the concen
t ration of the odorant was l owe red suddenly. For thi s  test con
centration the subj ect had to state whether he smel l ed thi s  con
centration or not. After thi s  measurement, the original adap t a
tion intensity was suppl ied again to the subj ect. I f  the subj ect 
smel l ed the test concentration of the o do rant, the who l e  t ri al 
was repeated again after some time. When fo r the second tri al no 
smel l was perceived for the test concentration, we took the aver
age o f  the adap tation times, registered at both tri al s� as the 
adaptation time requi red to get a rai sing of the thresho l d  con
centration equal to the test concentration o f  the odorant. During 
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adaptation, various adaptation times for di fferent odour concen
t rations can be determined. 

Of course the odour concentrations are successively l arger. We 
shall now describe the p rocedure more in detail for an adap t i ng 
intensity o f  100 times the absolute threshold concentration * . The 
used odorant was d-octanol. After 10 seconds o f  adap t ation, the 
concentration of  the odorant was suddenl'y reduced to 20 times the 
absolute threshold concentration. When the test concentration had 
been adj usted. the subj ect received a signal .  For the next insp i
Tation. the subj ect had to state whether he smel l ed something o r  
not. Simultaneously, the subj ect read the time o n  the stopwat ch. 
After the determinat ion, the "operator" was signal l ed that the 
original concen tration o f  the odo rant ( 100 t i mes the threshol d  
concentration) could be suppl ied again. 

It was possibl e to perfo rm the enti re determination, incl uding 
the change of the concentration of the odorant wi thin 8 seconds. 
At this  trial the subj ect stil l  perceived a smel l sensation fo r a 
concentration 20 times the original threshol d concentration. The 
whole p rocess was repeated then some time l ater on. The moment o f  
the next determination was fixed by the subj ect, because h e  coul d 
tel l whether the smel l at the former determination was strong, so 
that the next determination should occur somewhat lat er, o r  
whether the smell was weak, so that the next determination could 
take place soon. 

For the next determination, 20 seconds after onset of adap t a
tion, no smel l sensation was percei ved by the subj ect. Fo r the 
adap tation time requi red for a rai sing of  the threshold concen
tration of 20 times the absol ute thresho l d  the average val ue o f  
the t wo  adaptation times was taken. 

The same procedure was perfo rmed again for a l arger concentra
t ion, in our case 40 times the absol ute thresho l d  concentration, 
and so on. The determination of the adaptation time requi red for 
a raising of the threshol d  to 100 times the absol ute concentra
tion was not di fficul t, the adaptation time for thi s rai sing was 
equal to the adap tation t ime requi red fo r the cessation o f  the 
smell for the adapting stimulus. 

• All the adaptation measurements, an d the main  p art o f  t h e  o th e r  
exp e r i m e n t s  d e sc ri bed i n  th i s  t h e s i s,  were p e r fo rm ed w i t h  t h e  
autho r a s  subj ect.  
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I f  the same concentration ( 100 times the o riginal threshold)  
continued to be suppl i ed , the thresho l d  rose above this concen
t ration. The determination of these thresho l d s  occurred in the 
same way. The results of  the exp eriments are given in figure 19. 
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Fi g u r e  1 9  
The ra1 s 1 n g  o f  the th resho l d fo r no rmal b r e ath i n g  
a s  a fun c t i o n  o f  t h e  adap t ation t i m e  when a fi xed 
adap t i n g  co n c en t ration o f  100 times the abso l u t e  
th resho l d  co n c en t ration i s  sup p l i ed to t h e  s en se 

o rgan. 

Due to the method employed. the determination of the thresh
o l d s  was sl i ghtly inaccurate. Fi rst because the adap tation time 
for a given threshol d  was exp ressed by the average of  two deter
minations, as di scussed in our examp l e  o f  a rai sing o f  20 times 
the absolute threshold. Thi s error wil l be of the o rder of 5 sec
onds for the main p art of the measurements. 

A second di ffi culty is the fact that during the experiment the 
adaptation did not al ways occur wi th the correct concentration o f  
the odorant. In our example. a rai sing of  the threshold 100 times 
the origi nal thresho l d  occurred fo r an adaptat ion time of 2 10 
seconds. In t h i s  time 3 o ther th resho l d s  were determ i ned. Fo r 
this determination normal l y  about 6 observations were necessary. 
As one observation l asted about 8 seconds, the subj ect was adapt-
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ed for 50 seconds to a wrong concentration. However, the error in  
the time o f  2 10 seconds wi l l  be  lower than 50  seconds, becau s e  
during change in concentration the subj ect adapted to a concen

tration between 100 times the absol ute threshold and concentra
tion of the test stimul us. ' It i s  di fficul t to make an estimate o f  
the true error. I t  seems reasonabl e to state that the adap tation 
times are not more than 10 percent too long. 

There was al so th� possibi l i ty that th e sen s i t i v i ty o f  the 
subj ect changed during the experiments. As the sc attering o f  the 
points determined was small ,  the infl uence of sensitivity changes 
was p robably negl i gibl e. 

The rai sing of the threshold was determined fo r various con
centrations, to which the subj ect adap ted. Between two series o f  
determinations, the subj ect was given at l east one hour o f  rest 
to become as sensi tive as before. Normal l y  after 1 hour the 
thresho l d  was s t i l l  abou t  10 - 50 p e rcent h i gher than at the 
fi rst exp e riment. The results  of the experi ments are gi ven i n  
fig. 20. 
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Fi gu r e  20 
The rai s i n g  o f  the  tn resho l d  fo r d- o c t anol duri n g  
adap ta ti o n  t o  variou s  st imul u s  co ncen trat i o n s. 
Th e numbers at the  curves give the adap ti n g  co n-

centrations us ed. 
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Fb r  the adap ting i ntensiti es o f  50 and 27 times the absol ute 
thresho l d  concentration 2 series of thresholds were determined. 
With the excep tion of a few points, the scattering of the thresh
olds was smal l .  

The adaption was stopped when no smel l was perceived any long
er for the stimul us suppl i ed. The adaptation was not continued, 
because otherwise the time neces$ary for the sense o rgan to re
cover would be even l arger than 1 o r  2 hours. 

The raising of the threshol d  for m- xyl ene has al so been deter
mined. The shap e o f  the curves is analo gous to those o f  the 
curves found for d-octanol.  

The resul ts of Zwaardemaker, who found a l i near rel ation be
tween the rai sed threshol d  and adaptation time, do not agree with 
our resul ts. Yet our resul ts are more p robable because it is very 
unl ikely that a sudden transi tion between the region o f  rai sing 
threshol ds and the region of co n s t ant thresho l d s  sho u l d  occur 
( see fi g. 19) .  

When the sense organ adapts i tsel f to a concentration 10 times 
the thresho l d  concentration, the threshol d  i s  rai sed after 
30 seconds a facto r 6 fo r d .. o c t ano l and abo u t  a facto r 5 fo r 
m- xyl ene. Analo go us resul ts o f  Zwaardemaker are a facto r 7 fo r 
benzoin and a factor 3 fo r Indi a rubber. 

From the resu l t s  p l o tted in f i g. 20, i t  i s  po ssibl e to give 
the raising of the threshold fo r a constant adap tation time as a 
function o f  the adap ting concen tration. The resul ts are rep re
sented in fig. 21 .  

The curves in fi gure 2 1  h ave the same sh ap e  as the curves 
obtained by Komuro ( see fi g. 18) . Komuro adap ted himsel f durin g  
about 5 inspi rations so the adap tation time was about 15 seconds. 
The rai sing o f  the threshold, as determined by Komuro, i s  about 
a factor 2 slower than the rai sing of the threshold in  figure 2f 
for an adaptation time of 20 seconds. The agreement is reason
able, therefo re. 

It is al so possibl e to state the raising of the thresho l d  as a 
function o f  the total quantity o f  odorous subst'ance entering the 
nose, starting again from the experimental resu l t s  p l o t ted in 
fig. 20. The quantity of odorous substance, striking the ep ithe
l ium, i s  a constant fraction of the quantity entering the nose. 
In figure 22, a quan t i ty of 1 unit means that during 1 second the 
absolute threshold concentration is insp i red. A quantity o f  1000 
units can be obtained wi th various adaptation times and adapting 
intensi t i es, for i n s t ance fo r an adap tation time of 10 seconds 
and an adapting i n t en s i ty o f  100 t i mes the abso l ute thresho l d  
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F i g u r e  21 
The rai s i n g  o f  the t h resho l d  co ncen t ration when 
adapted during a fi xed time to vari o u s  sti mul u s  
co ncent rations. Fo r each curve t h e  adap t ation 
time is gi ven in the fi gu re. The data in thi s 
fi gure are deduc ed from the curve s i n  fi g. 20. 
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F i g u r e  2 2  
T h e  rai s i n g  o f  t h e  thresho l d  a s  a fun c t i o n  o f  the 
quan t i ty of odorous m at e r i al supp l i ed to the 
sense o rg an. A qu antity o f  1 unit  co rresponds 
wi th an adap t i n g  concent ration e qu al to the abso 
l ut e  t h resho l d  con c en t rat ion suppl i ed fo r one 
second to the sense o r gan. The num bers at the 
right s i d e  of the curves give the co n c en trat i o n s  
u s e d  for the  adap t ati o n ,  The o do r ant used was 
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concentration o r  an adap tation time of 200 seconds with an adap ting 

i n tensity 5 times the thresho l d  concen t ration. The resul ts are 
p l otted in fi gure 2 2. The data were deri ved from th e data given 
in figure 20. 

FOr long adaptation times, and consequently l arge quant i ti es 
o f  odo rant. the threshol d  becomes con s t ant ( see fi g. 19) .  When 
using di fferent adapting intensities. the di fferences between the 
curves in f i g. 22 wi l l  be l arge then. When a constant thresho l d  
h a s  not yet been re ached, the di fferences are smal l .  It  i s  then 
possibl e to gi ve an approximation of the rai sing of the threshold 
as a function of  the to tal quantity of odo rous substance coming 
into the nose by means of the curve in  fig.  23.  I t  has to be borne 
in mind. however, that thi s curve is only val id if the adaptation 
h as not yet p roceeded so far th at a constant threshold has been 
reached. 
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F i g u r e  23 
The rai s i n g  o f  t h e  t h r e s ho l d  fo r vari o u s  quanti t i e s 
o f  odo rous m ate r i al suppl i e d  to the sense o rgan. 
The di f ferenc e s  fo r d i ffe ren t adapt i n g  i n  ten si  t i e s  
are n e gl ected i n  t h i s  f i g u r e. Adapt a t i o n  h as no t 
proceed ed so far that a cons t ant th resho l d has been 

r eached. 

FOr plotting the curve the d at a  of  fi gure 22 are used and at 
the same time the d at a  obtai ned from the determ in ations of the 
adaptation time requi red for the cessation of the smel l sensation 
( see 4. 4) . 

With m- xyl ene as odorant analogous results are obtained. 
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I f  adap t ation h ad not yet p roceeded so far that a constant 
thresho l d  i s  reached, the rai sing o f  the thresho l d  is app roxi
mately the same ( see fig. 22) for the same total quantity of  odor
ous materi al.  Thi s  impl ies that in order to obtain a fi xed rai s
i ng o f  the th reshold,  the rel at ion between the adap t ation time 
and the adapting concentration of the odo r ant i s  e xp ressed by a 
hyperbol e. In fi gure 24 the hyperbol es which agree with the total 
amount o f  odorous substance necessary to rai se the thresho l d  15, 
30 and 45 times are given. 

ADAPTAT ION T I ME IN SECONDS 

F i g u r e  2 4  
T h e  rel ationship between adap t in g  con c entration 
and adap t ation time,  fo r the sam e raising o f  
the t h reshol d. The curves gi ven are hyp e rbo l e s. 
The numb ers at the Fight s i d e  o f  the c u rves 
give the rai sed threshol d co n cent ration. The 
data in  thi s fi gu re are d educed from fi gure 20 . 

4. 6. The recovery of the sense of smel l after previous adap tation 

a) S u r v e y o f p r e v i o u s i n v e s t i g a t i o n s 
As e arly as 1886 Aronsohn ( 40)  performed some exp eriments to 
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i nvesti gate the recovery of the sense of sme l l  after p revious 
adap t ation. The exp eriments were made with e au de Col ogne and 
coumarin as odo rants. The subj ect smel l ed at the odo rants unt i l  
no smel l was percei ved any longer. The adap tation times requi red 

were 65 seconds fo r eau de Col o gne and 120 seconds for coumarin, 
both times were determined fo r the same subj ect. After a time of  
recovery o f  1 and 3 minutes respectively the exp eriment was re
p e ated. The adaptation time, re qui red fo r the cessation o f  the 
smell was now 45 seconds for eau de Co logne and further 35,  25, 
20, 15,  15, 25, 22, 22, 20, 22, 15, 15 seconds. For coumarin the 
adaptation times were 120 ,  65.  45, 25. 35, 20. 20, 15, 17, 10, 8,  
8 seconds. It  is  obvious from above data that the time o f  recov
ery of 1 and 3 minutes respectively gives only a p arti al restora
tion of the sense of smel l .  

It  is  al so obvious that the adaptation time requi red fo r the 
cessation of the smel l sensation, is sho rter than the time o f  
recovery necessary to gi ve the sense o rgan i t s  comp l et e  fo rmer 
sensi ti vi ty. 

El sberg ( 42) perfo rmed some experiments to investigate the re
covery of the sense organ. The subj ect was adapted to a stimul us 
i n tensity well above the absol ute threshol d  until no sensation 
was percei ved· any longer. The adap tation was stopped then. The 
time of  recovery necessary befo re another inj ection wi th the same 
odorous concentration as used for the adaptation gave an ol facto
ry sensation again was indicated as "duration of the ol factory 
fatigue" . The term used i s  misl eading, because a new percep tion 
o f  an ol factory sensation after cessation ( c aused by adaptation) 
does not imply that the sense o rgan is  compl etely restored. This  
"duration o f  the ol factory fati gue" i s  merely a measure o f  the 
rapidity wi th which the sense o rgan recovers in  the beginni n g. 

From the experiments o f  El sberg i t  fol l ows that the "duration 
of the fat i gue" incre ases fo r 1 arger adap tat ion times. Exampl es 
are the exp eriments fo r co ffee. The exp eriments indi cated that 
the "duration o f  the fatigue" was 1. 5, 3. 5, 4 and 5. 5 minutes for 
adaptation during �. 1 ,  2 and 3 minutes resp ecti vely, wi th the 
s ame stimul us intensity. The above data were for bil ateral inj ec
tion. With unil ateral inj ection, the "duration of the ol factory 
f at i gue" was sho rte r: 1. 5 ,  2,  3 and 4. 5 m inutes resp ectively. 
El sberg also investigated the infl uence of  adaptation of  one side 
o f  the nose upon the sensi ti vi ty of  the othe·r side. I f  one side 
was adap ted unt i l  no odo u r  was p erceived any longer, the o ther 
side did not perceive a smel l ei ther when the same odour concen-
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tration was used. The '"duration of the ol factory fatigue" was in 
this c ase 1 . 5 ,  2, 2 . 5 and 3 m i nutes,  when co f fee was used as 
odorant and when the same inj ection times were used as di scussed 
in our case. El sberg also determined the infl uence of tumours o f  
the brain upon the sensi tivi ty and the adap t ation times requi red 
for the cessation of the ol factory sensation. He came to the con
clusion that adaptation is a temporary di sobedience o f  a function 
of the brain. 

b) E x p e r i m e n t s 
The purpose o f  our exp eriments was to determine the cap acity 

o f  the o l factory system to recover from the influences o f  adapta
tion to a more or l ess intensive stimul ation. The best method to 
characterize the recovery is  to state the threshold as a function 
of the recovery time. The experiments were made as fol lows: 

Fi rst the threshold concentration o f  the subj ect was deter
mined when the subj ect was not yet adapted. After determination 
of  the absolute threshold concentration, the subj ect was adapted 
to a given stimul u s  intensity. When the subj ect p ercei ved no 
odour any l onge� the adap tation was ceased. After cessation o f  
adap tation, the subj ect breathed no rm al ly t h e  p u re ai r in the 
cabin, whi l e  the concentration of the odorant in  the current o f  
ai r was adj usted to a lower value. The subj ect took at interval s 
one insp i ration in the current o f  odorous ai r and regi stered the 
recovery time n ecessary to p e rceive a smel l sensation fo r the 
test concentration. The same p rocedure can b e  repeated fo r vari
ous. successively lower, concentrations o f  the test stimulus. 

So with the p rocedure described above, the recovery time nec
essary before a given concentration is smell ed can be determined. 
The adap tation occurred by insp i ration in a current o f  odo rous 
air at a rate of 20 inspi rations p e r  minute. The current of ai r 
was sent into the cabin through an opening with a diameter of 1. 6 
cm and wi th a rate o f  flow o f  300 cc p e r  second. During adap ta
tion, odorous air came into the cabin. Consequently a good venti
l at ion o f  the c ab i n  was requ i red. When adap tation ceased, the 
odorous ai r was normal ly sent outside by means o f  a ven t i l ating 
system ( see ch ap t e r  I) and only fo r a few seconds entered the 
cabin when the subj ect took an insp i ration i n  the ai r current to 
state whether he smel l ed the test concentration or not. 

At fi rst the subj ect took the inspi ration s in the current o f  
odorous ai r at sho rt interval s, because the recovery was fast 
then and an ol facto ry sensation fo r the test stimul us was soon 
perceived. 
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When a smel l sensation was not perceived for the fi rst but fo r 
the second tri al ,  we took for the recovery time, requi red to per
ceive a smell sensation for a given test concentration, the aver
age o f  the recovery times at two successive tri al s. 

The results of the experiments are plotted in fi g. 25. 
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F i g u r e  25  
The rel ationship  be tween the d e c rease o f  the 
t h r e shol d an d t h e  reco v e ry time fo r vari o u s  
ad ap t at ion t i m e s  an d adap ti n g  i n  ten si t i es 
The ad ap t i n g  i n t ensi  t i e s  are equal to t h e  
thresho l d co ncent rations wh en reco v e ry b e
g i ns. At t h e  r i ght s i de o f  t h e  c u rve the  

adap tation times u sed. 
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At the beginni n g  the recovery o f  the sen so ry system is very 
rapid, but after a few minutes much slower. The shape i s  the same 
fo r al l curves. After about 100 seconds of  recovery, the ratios 
of  the thresholds become constant for two curves. 

Some experiments were made to study this  ratio in more detai l .  
The subj ect was ad apted t o  a fixed sti mul us i n t e n s i ty dur i n g  
various adap tation times. Fo r t h e  recovery o f  t h e  sense organ 
the curves in fi gure 26 were found. 

The ratio of the thresho l ds after about 100 seconds of recov
ery is equal to T 1 1 6 or T 11 5, where T is the ratio of the adapta
tion times. We have no intention to emphasize thi s  rel ation. The 
only essenti al point is that the inc rease of the threshold after 
more than 100 seconds of  recovery increases only slowly wi th the 
p revious adap tation time. Thi s  T 1/ 5 l aw imp l ies that a 32- fol d  
increase o f  the adaptation time produces aft e r  a few minutes o f  
recovery only a twofold increase of  the threshold. 

It is al so possibl e to use di fferent adap ting intensi ties and 

a fixed adaptation time. Here the ratio o f  the thresholds after 
about 100 seconds of  recovery is about 1 11 � where I is the ratio 
of the adap tat ion concent rations.  Using di fferent adap t ation 
times as  wel l  as  di fferent adapting intensi t i es, one may expect 
that the ratio of the thresholds for di fferent curves i s  equal to 
I 1 1 4 •  T 1 1 5• A factor ( IT) 1 1 4 i s  a reasonabl e app roximation. To 
our opinion, the only essenti al points o f  thi s rel ation are: 
1. After a few minutes of recovery, the thresholds are control l ed 

by the total quantity of odorous substance, used fo r the adap
tation. 

2. A 16 fol d  inc rease of the quanti ty o f  odo rous substance only 
gives a two fo l d  increase of the th reshol d, i f  the recovery 
time of the sensory system i s  more than a few minutes. 
To check the fi rst point, some experiments for a fixed quanti

ty of  odorous substance were made. Using adapting concentrations 
of 24, 60 and 120 ti� s the absol ute threshold concentration and 
adap tation times o f  100,  60 and 20 seconds resp ec t i vely,  the 
threshol ds, after a few minutes, did not scatter mo re than 10 
p e rcent around the ave rage val ue. A l arge ad ap t i n g  intensi ty 
seems to raise the threshold s  sl ightly more than a smal l one, i f  
the total quantity of  odorous materi al used for the adaptation is  
the same, this  does not seem unreasonable. 

One may concl ude, therefo re, that when ad ap tation is not yet 
complete, the threshold of  the sense organ after a few minutes of  
recovery i s  mainly determined by the quanti ty o f  odorous sub
stance used for the adaptation. The threshold increases much l ess 
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Fi g u r e  26  
The reco very o f  the  sense of sm e l l ,  when di fferent 
adap t ation times b ut the s ame adapt ing i n  ten si  ty 
i s  u sed. At the ri ght side o f  the curves the adap
t ation times.  Adap t i n� i n t en s i ty fo r the upp e r  
cu rves 6 0  t i m e s  t h e  abso l u t e  t h re sho l d  co ncen t r a-

tio n ,  fo r the l o wer curves 1 20 t i m e s. 

than p roportional l y  to this total amount o f  odo rous subst ance. 
From the data represented in  figure 25, it is  possible to plot 

the threshold after a ·fixed time of recovery as a function of the 
total quantity of .odo rous material used for the adaptation. The 
results are represented in figure 27. 
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th r e sho l d  co ncent rat i o n  as a function o f  
quan t i ty o f  odo ro us material u s e d  fo r 
adap t at ion,  fo r the s am e  reco ve ry t i m e. 
reco v e ry · t i m e  i s  gi ven at t h e  curv e s. 

Odo ran t used was d- o c tano l .  

8 1  

I t  i s  al so possibl e to p lot the time o f  recovery necessary to 
obtain a fixed threshold as· a function o f  the quantity o f  odorous 
substance u sed for the adap t ation. The curves p lotted in fi gure 
28 are derived from the data given in figure 25. 

The t ime of recovery, necess ary to obtain a thresho l d  val ue 
one hal f o f  the threshold when adaptation i s  stopped, i s  al so of  
interest. Fbr the various quantities o f  odorous materi al used for 
adap t ation and with the speci al requi rement that the adap tation 
was to cease when no smel l sensation was perceived anylonger this 
t ime appears to be  40 seconds, excep t  fo r the lowest quan t i ty 
used. 

Fbr a tenfold lowering of the threshold the recovery times are 
not constant, as c an  be seen in figure 29. 

· 

To find the cent res where adap t ation occurs. the fol lowing 
experiment was made. One side of the nose was adapted durin g  80 
s econds to a stimulus con c en t ration o f  ·70 times the abso l ute 
threshold concentration. The odorant used was m• xyl ene, adap t a
t ion occurred by monorhinic inj ection o f  an . . ai r- current of 100 cc 

·p er second. To p revent a current o·f odorous air p assing from one 
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The t i m e  o f  reco very r equi red to o b t ai n 
a given  th reshold con centration as a 
function o f  the to t al qu an t i ty o f  d- oc
t anol u se d  fo r the adap tation. At the 
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F i g u r e  29 
The reco very time  r equ i r ed fo r a two- and 
tenfo l d  i n crease o f  the  sensi ti vi ty re
sp ect i v e l y, for vario u s  quan t i t i e s  o f  
odo ro us material used fo r the  adap tation.  
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nasal chamber into the other. the o ther nost r i l  was locked by 
means of a wad of cotton wool .  It remains possi b l e that som e  
odo rous mol ecu l es di ffuse by way o f  the thro at i nto the oth e r  
nasal cavi ty. To excl ude this possibil i ty, a simi l ar exp eriment 
for d•octanol was carri ed out in  such a way that during adap t a
tion o f  one nose side, a current of pure ai r was sent through the 
o ther side. Odorous mol ecules certainly did not enter the nasal 
cavity o f  the nonadap ted side of the nose in thi s  case. In fi gure 
3u the resu l t s  of the exp eriments are given. The upp er curves 
express the recovery of the nose to which the stimul us had been 
suppl i ed, the lower curve the recovery o f  the other side o f  the 
nose. Fo r l arger t imes there is a p l ain di fference between the 
curves. The unadapted side soon regains i ts fo rmer sensitivity, 
for the other side the former sensi tivity is reached much l ater. 
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F i g u r e  30 
T h e  reco v e ry of o n e  no s e  s i d e  wh en th e s am e  no s e  
s i d e  h as b een ad ap ted ( I )  an d the reco v e ry o f  
t h e  no s e  s i d e  whi ch h as no t been adap t ed ( ! I ) .  
Fo r the m- xyl ene an adap ti n g  co ncent rati o n  o f  70 
t i m e s  the  ab so l ut e  co ncentration was i nj ected 
during 80 seco n d s ,  fo r d- o c t anol a co ncentrat i o n  
5 0  t i m e s  the · abso l ute t hr esho l d  co ncen t ration 

during lOO s eco nds b e fo re r eco ve ry started.  

4 .  7. Di scussion 

I . . In . order to exp l ain the adaptation phenomena, i t  is  important 
to local i se the l evel where the adaptation occurs. Possibi l i ties 
are adaptation p rocesses in the end organ o r  in the central 
parts. 

FOrmerl y i t  was assumed that the adaptation occurred in the 
end organ, in  which case the adap tation woul d  be  caused by a 
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rapid saturation o f  the membranes, in general the envi ronment, of 
the receptors. An argument against saturation of the recep tors is  
that an o l f actory sensat ion is  always p e rceived if  the stimul us 
concentration i s  rai sed sl i ghtly above the adapting concentra
tion, no matter how long the adap·tation l asts. ( See fi gure 19) .  
A recep tor, wh ich i s  s aturated with mol ecul es, i s  unl ik el y  to 

respond again when the stimul us intensi ty i s  r ai sed sl i ghtly. 
Neither is i t  p robabl e that there i s  a l arge number o f  recep to rs 

wi th di fferent sensi tivi ties for the same substance. 
A concl usive p roo f is the exp erimen t discussed in 4. 6 ( fi gure 

30 ) ,  which is an imp rovement on the exp eriments made by El sberg 
(·see 4. 6a) . The experiments make i t  cl ear that the adap tation i s  
mainly situated in the central p arts o f  the o l factory system. 

No rmal l y, the recovery curves are composed o f  a fast and a 
slow component. However, for the recovery curves determined for 
one nose side when the o ther nose side has been adapted, the slow 
component i s  almost comp l etely absent. It is even possibl e that 
the remaining p art o f  the slow component is c aused by adap tation 
to the test stimul i used fo r the determination o f  the recovery 
curve of the nose side, which had not been adapted p reviously. 

To our opin ion,  the slow recovery i s  c aused by p eripheral 
adaptation. This  op inion is supported by the el ectro- physiologi
cal exPeriments of Ottoson ( 38) , who demonstrated that p eripheral 
adaptation indeed occurred at the frog. 

11. When a stimulus i ntensi ty of 100 times the absolute threshold 
is used for the adap t ation, the rai sed threshold D can be given 
for d- octanol by formul a 

D = 1 + 134 ( 1 - e - t/ l so) 

where t is the adaptation time ( see fi gure 19) . 
When the adap tation l asts much longer than 150 seconds, the 

threshold reaches a constant value, the ul timate val ue reached is 
about 1. 35 times the concentration of the st imulus used fo r the 
adaptation. 

Using smal l conc en t rations fo r the adap t i n g  stimulus,  the 
ul timate threshol d  reached i s  norm al l y  not e qual to 1 .  35 times 
the concent ration o f  the adap t i n g  st imul us. Fo r an adap tation 
concentration o f  30 times the abso l ut e  threshold concentration, 
the ultimate threshold reached is about 1 . 1 the concentration of 
the stimulus used for the adaptation. 

For d-octanol it i s  possi ble now to combine al l the resul ts 
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found for the ra1 s1ng o f  the threshol d  D for various concentra
tions C o f  the adapting stimulus in the fo rmul a: 

.D = 1 + a (C - 1)  ( 1 - e · t/ l SVC-1) ( 8 )  

where a varies only sl i ghtly for di fferent concentrations o f  the 
adapting stimul us ( e. g. from 1. 10 to 1. 35 fo r concentrations o f  
the adapting stimul us o f  30 to 100 times the absolute thresho l d  
concentration) . 

We have no intention to emphasi ze the fo rmul ae gi ven in this  
section. Th.e fo rmula is only a mathematical expression which de
scribes the course of the curves; it h as not yet a physiological 
meaning. 

III.  When substituting in above formul a D for C ( the rai sed 
threshold equal to the stimul us concentration used for the adap
tation) i t  i s  possibl e to give the A. T. C. S. ( the adaptation time 
required for the cessation of the smel l sensation) as a function 
of the adapting concentration. By assuming a val ue of  1. 35 fo r a, 
the fol lowing rel ation for the A. T. C. S. i s  found 

t = 20 vt='l' . 
The experimental results for d� octano l ,  plotted in fi gure 16 cor
respond with this rel ation. 

IV. We shal l di scuss now the resul ts plotted in figure 22, whi ch 
give the rel ation between the rai sing o f  the th resho l d  and the 
total quantity of odorous substance used fo r the adaptation ( fo r  
di fferent concentrations of  the adapting stimul us) . 

When assuming smal l adaptation times and normal concentrations 
of the adap ting stimul us, an approximation of the formul a ( 8) i s  
D = 1/ 15 . at �. I t  i s  cl ear from thi s  rel ation that the 
increased threshold concentrations for a fi xed quanti ty o f  odo r
ous substance suppl i ed to the sense organ are inversily  p ropo r
tional to the square roo t o f  the concentration o f  the adap t i n g  
stimulus. So for smal l adaptation times, and smal l quanti ties o f  
odorous substance therefo re, the rai sing o f  t h e  thresho l d  for a 
fixed quantity i s  l a�gest when smal l concentrations of the adapt
ing stimulus are used. This  is in acco rdance with the experimen
tal resul ts. plotted in fi gure 22. 

Fbr long adaptation times, ul timately a constant threshold i s  
reached which is  about a factor 1. 10 - 1. 35 l arger than the con
centration o f  the adap t i n g  stimulus fo r the range o f  stimulus 
intensities investigated. So fo r l arge adaptation times. the in-
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creased thresholds are nearly p roportional to the stimul us con
centrations used for the adaptation. 

In figure 22, the curves are app roaching this area of constant 

threshold val ues. As the curves intersect, the thresho l d  concen
trations do not di ffer much fo r the investi gated area. A good 
approximation of the rai sing o f  the thresho l d  as a function o f  
the quantity o f  odorous substance suppl i ed to the sense organ i s  
therefore given �Y the curve plotted i n  figure 23.  

V.  It i s  possibl e to consider the fo rmul a for the threshold as a 
solution of the di fferent i al equation 

dD D - 1 a �  
- + -----=== - - vC - 1 = 0 
dt 15 1(;:"1 15 

It  is  cl ear from thi s  equation that the rate at which the thresh
o l d  is rai sed dep ends on the thresho l d  al ready reached. In the 
beginning this rate is p roportional to 1(;:"1 (C is the concen
tration of the adap t i n g  stimul u s ) , l ater on the sp eed becomes 
smal l er. 

It is not our intention to emphasize the formul a and the equa
tion used for the rai si n g  o f  the thresho l d ,  n e i ther to find a 
mechanism which can e xP l ain the di fferent i al e quation. 

A mechanism can only be given i f  much more results of adap ta
tion investi gations are avai l abl e. 

VI. As for the p rocess of recovery it is not possible to exp ress 
the results in one formul a. 

VI I .  The formul ae and equ ations set up are o f  course app roxima
tions. As can be seen from fi gure 30,  the adap tation p rocess is  
mainly si tuated in  the central p arts o f  the senso ry system. Yet 
the behaviour of the peripheral mechani sm is al so incl uded in the 
equ ations, since the si gn al s  received by the central p arts have 
not to be p ropo rtional to the ad apting concentration C. So the 
equations give a combi n ation of the adapting mechan i sm, and the 
transforming properties of the peripheral p arts. 

4 . 8 .  A comp ar i son of the adap t a t ion phenomena fo r the sense 
of tas te  and s me l l 

Abrahams, Krakau e r  and oall enbach ( 35) showed that the times 
between onset of  the stimulus and the total cessation of the gUS
tatory sensation is a function o f  the adapting concentration. The 
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adapting concentration was varied a factor 5 maximal ly. The 

curves showing the rel ationship between adapting concentration 
and adap t ation time, requ i red fo r a cessation of  the gustato ry 
censation, are an alogous to the curves fo und fo r the sense o f  
smell ( see figure 16) . 

Hahn ( 36) perfo rmed various experiments to study the course o f  
the adaptation p rocess. The curves rep resenting the rel ationship 
between the rai sing of the gust ato ry thresho l d  and adap t ation 
time p rove to be analogous to the curves found fo r the sense o f  
smell  pl otted in  4 . 5 and 4 . 6.  Al so t h e  co urse o f  t h e  recovery 
curves i s  the same for both sense o rgans. 

Another important vari abl e for gustato ry adaptation is temper
ature. There appears to be a l arge infl uertce o f  temp erature upon 
the rap i di ty o f  adap t ation. Thi s  effect i s  not surpri sing, be
c ause temp erature al so i n fl uences the absol ut e  thresho l d. Yet 
there are disc repancies fo r some substances,  e. g. glycoco l .  The 
absolute sensi tivi ty of glycocol does not dep end at al l on tem
perature, but the rate at which adaptation p roceeds is defini tely 
a function of temperature. 

Fbr the sense of smell  we concl uded that the adaptation p ro
cesses occur mainly in the central p arts. The gustatory exp eri
ments conducted by Hahn furni sh some evidence that for the sense 
of taste the adaptation may have, at l east fo r a few substances, 
a peripheral rather than a cent ral locus. Yet the analogous re
sul ts of adap t ation and recovery exp eriments fo r the sense o f  
smell and taste suggest that perhaps al so for the l atter the cen
tral p arts are important at adaptation p rocesses. 

4. 9. SUrvey of the main resul ts  of our inves t igat ions concerning 
adap tat ion p rocesses 

1 .  Adapt ation processes for the sense of smel l are situated m ain
ly in the central p arts. 
2. After p revious adaptation, the curves rep resenting the thresh
old concentration as a function of the time o f  recovery consi sts 
o f  two p arts; at fi rst the recovery is  rapid. l ater on the recov
ery is much slower. The fast component i s  c aused by the recovery 
o f  the central p arts, the slow component very p ro b ably by the 
slow recovery o f  the peripheral parts. 
3. If adap t ation is ceased when the smell  i s  no mo re p e rcei ved, 
the time of recovery. necessary to obtain a threshol d  twi ce as 
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low as the thresho l d  when adap t ation i s  stopped, i s  40 seconds 
for d-octanol for all quanti ties of odorous substance used. 
4. The thresholds after about 100 seconds ' recovery are mainly 
contro l l ed by the tot al quantity o f  odorous substance used for 
the adaptation. The rai sing of the threshold i s  not proportional 
to the quantity o f  odorous material suppl i ed to the sense organs. 
5.  The adap tation times requi red fo r the cessation o f  the smell 
comply with the rel ation t = b �. where b is a constant and 
C the concentration o f  the odorant used for the adap t ation. The 
concentration is expressed in such a manner that C = l ' agrees with 
the absolute threshold concentration. FOr d-octanol the constant 
b is about 20, for m- xylene about 30. 
6. The rai sing of the threshol d during adaptatio� be rep re
sented by the formul a D = 1 + a  (C - 1) ( 1 - e · t/ 1 c- 1 ) , where 
a i s  a con s t an t  vary i n g  o n l y  sl i gh t l y  for di f ferent adap t i ng 
intensities, C. the adapting concentration, D the raised threshold 
concentration and t the adaptation time. Odorant: d-octanol.  
7.  When during adap tation a constan t  threshol d  h as not yet been 
reached, the raising of the threshol d  is approximately a function 
of the tot al quan t i ty o f  odo rant supp l i ed to the sense organ. 
When a constant threshold value has been reached, this approxima
tion i s  certainly not admissabl e. 
8. The rate at which the threshold i ncreases is in the beginning 
proportional to the s quare root of the adap ti n g  concentration. 
Later on this rate becomes smal l er. 
9. The equations set up are approximations. They are a combina
tion o f  the adap t ation mechan i sm o f  the central p arts and the 
transforming properties of  the p eripheral p arts. 
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C h a p t e r  V 

T H E R E L A T I 0 N S H I P B E T W E E N 0 D 0 U R , 

T H R E S H 0 L D A N D C H E M I C A L S T R U C T U R E 

5. 1 .  In troduc t ion 

Up to this time. many tri al s  have been made to find a correl a
tion between chemical structure and odour. An extensive survey o f  
these theories has been given by Moncrief (47) and Lauffer ( 48) . 

The c l assi f i cation o f  odours i s  di ffi cul t. The smel l o f  an 
odorous substance even depends on the concentration o f  the odo r
ant in the air inhaled. The smell o f  � Ionone for instance resem
bles the smell o f  cedar wood when strong concentrations are used, 
but has an odo u r  o f  viol ets when d i l uted. A comp ari son o f  the 
smell of two d i fferent substances is only j usti fied i f  the con
centration of the odorant, with the thresho l d  concentration as a 
uni t, i s  recorded. This  has never been done so far. 

Adri an ( 49 )  analyzed the electrical activity o f  the mammal i an  
o l factory bul b. He observed that di fferent p arts o f  the bul b  were 
activated when different odo rants were used. On the ground o f  the 
results  obtained in the i nvesti gations o f  the ol facto ry bul b, 
Adrian comes to the concl usion that the di scrimination of odours 
depends on the di fferences in the temporal and spati al p attern o f  
excitation as wel l  a s  o n  the di fferenti al sensitivity o f  the va
rious recep tor types. The hypothesis that the sp ati al distribu
tion o f  the responses are due to a local i sed p roj ection o f  the 
d i f fere�t are as o f  the o l facto ry ep i thel i um on to the bul b i s  
confirmed by histological studies by L e  Gros Cl ark ( 50 ) . 

So the p robl em o f  finding a rel ationshi p  between odour and 
chemical structure i s  a v e ry comp l i cated one,  because p ro b ably 
the arran gement o f  the connections between the p e riphe ral and 
central p arts strongly determines the smel l ultimately perceived. 

The search for a rel ationship between thresho l d  and chemical 
structure o r  some physical o r  chemical property look s more p rom
i sing. nav i es and Tay l o r  ( 5 1 )  h ave found a c l o se p aral l el i sm 
b etween the activi ty o f  a seri es o f  substances in accel erating 
h aemolysis  of red blood cel l s  and the i r  t h resho l d s  as odo rous 
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substances. P e rhaps there i s  some resembl ance between the p ene
t ration and reaction o f  the accel erato r with the cel l membrane 
and the action of the odoran t s  upon the membrane of the sense 
cell .  

The more a given substance is  concentrated in the l ipid at the 
l ipid- water interface of the recep tor, the more e fficient it wil l  
b e .  The work o f  Backm an and Zwaardemak e r  ( 52 )  indicat e s  that 
there i s  i ndeed a co rrel ati o n  fo r homologi cal series  b etween 
l ipid- water p artition coefficients and odorous threshol ds. 

5 . 2. Thresho ld and op t i c al i some r i sm 

It i s  wel l- known than op ti cally active i somers, desp i te the 
fact that they are identical in structure, are di fferent in  phys
iological resp ects. A strik ing example of di fferent physiological 
ac tivi ty observed i s  v i t amin C o r  asco rbid acid,  the dextro
rotary acid is  active, the l aevo- rotary form being physiological
l y  inactive. Sim i l ar di fferences i n  physi ologi c al activity are 
associ ated wi th odour p rop ertie s. Many investigators state that 
the a and l components have d i f ferent odours. So far only a few 
thresholds have been determined. Doll and Bournot ( 53) determined 
the th resholds  of the d and l component of mentho l .  They found 
the thresholds to be equal . Naves came to the same conclusion for 
d and l • a Ionone ( 54) . 

Acco rding to Gui l lo t  and Bab i n  ( 55)  the thresho l d  o f  the d 
component of 2-octanol ( hexyl methyl carbineol)  i s  3. 2 times low
er than the threshold of the l component. To check thi s, the same 
experiment was repeated by us. 

The opti cal i somers were separated according to the p rocess of 
Kenyon ( 56 ) . The boi l ing points of the d and l component respec
tively are 84 - 84. 5 ° C  ( at 18 mm) and 85 - 86°C ( at 19 mm) . The 
refractive indexes are for both components 1. 421  ±· 0 . 00 1 at 20°C, 
the speci fic rotation is 9. 7� degrees at 22 °C for the d component 
and -9. 8 1  degrees at 18 °C for the l component. 

At normal smel l ing a smal l di fference in the odour of the com
ponents is  al ready noticed. I f  threshold concentrations are used, 
it is more difficult to di stingu i sh the l component from pure ai r 
than the d component. For normal i nsp i ration ( 500 cc per second) , 
the threshold concentrations o f  the d and l octanol were 5. 2 and 
1 . 5 x 1 0 9 mol e cul es p e r  cc resp ec t ively. The v apour p ressure 
used for bo th substances is  8. 10 • 2 mm of mercury; this val ue was 
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determined from the boil ing points at the p ressures of  76 and 1. 8 
cm of mercury in the same manner as di scussed in chapter 11. 

So the threshol d o f  l octanol was 2. 9 times l arge r than the 
threshold o f  the d component, which is  in good agreement with the 
value of  3. 2 found by Guillot and Babin. 

5.  3. Thre sho lds of o r tho- , meta• and p ara- compounds 

The threshold concentrations of a number of ortho- , meta- and 
p ara-compounds have been determined fo r no rmal insp i ration wi th 
the author as subj ect. The same determinations were perfo rmed fo r 
the xylenol s. 

The results o f  the experiments are given in tabl e 3. The appa
ratus used was discussed in Chap ter I ,  the vapour p ressures o f  
the substances ( at 0 °C) were obtained by interpol ation or extra
pol ation o f  the vapour p ressure data given in Jo rdan ( 9 ) . 

Some o f  the odo ran t s  examined showed s t rong adso rp tion to 
gl ass surfaces. The infl uence upon thresho l d  exp eriments i s  d i s
cussed in chapter I .  

The adsorp tion appe ared to be strong fo r 1 :  3 - xyl en - 2 - ol ,  
1 : 4 - xylen - 2 ol ,  1 : 2 - xylen - 3 ol and 1 : 3 - xyl en - 5 
o l .  No infl uence o f  the adsorption during threshold experiments 
was p erceptibl e fo r the o rtho- , meta- and p a ra- compounds o f  
tol uidine, nitrophenol and xylene. 

Ta b l e  3 
substan c e  Thresho l d  Substance Thresho l d 

o- xyl ene 1 . 2 10 1 3  a - c reso l  2 .  4 10 9 

m- xyl ene 2 .  2 10 1 2 
m- creso l  2 . 0 10 9 

p- xyl ene 3 .  2 10 1 1  p- c reso l  2. 8 10 8 
a- to l u i d i n e  6. 4 10 1 1  o-ni  t ro tJ h enol 5. 0 10 9 

m- to l u i d i n e  1.  1 10 1 3  m-ni t rop henol 1.  3 10 1 3  

p- tol tii d i n e  6. 6 10 1 1  p - n i  t roph eno l 1 . 0 10 1 3  

1 :  3 - xyl en- 2-ol 8. 0 10 8 1 :  3- xyl en- 5- o l  2. 0 10 8 

1: 4- xyl en- 2- o l  2.  6 10 9 1: 3- xyl en- 4-ol  2 .  6 10 9 

1: 2- xyl en- 3- o l  2 .  6 10 9 1: 2- xyl en- 4-o1  1.  7 10 1 0 

The table can be suppl i ed with thresholds al ready k nown ( see e. g. 
( 57) ) .  
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Sub stance Thresho l d  Sub s t ance Thre sho l d  

benzen e 4 10 1 3 
p h eno l 1 10 1 3 

to l uene 1.  3 10 1 3 
n i tro b enzene 1 10 1 2 

an i l in e  5 10 1 3 
p seudo cum ene 1 10 1 2 

duro l  4 10 1 1  cum i d i n e 1 10 1 2 

The thresholds are given in mol ecul es per cc. 
Some rul es on the changin g  o f  the th reshol d  with chem i c al 

structure c an be deduced from the thresho l d  values given i n  the 
table. Starting wi th benzene, the threshold changes l i ttle when a 
methyl or hydroxyl group is attached to the benzene ring. I f  the 
attached group i s  a n i t ro- o r  amine- gro up , the thresho l d  d e! 
creases with a factor 400 and 10 respectively. 

I f  2 methyl- groups are attached, the threshold decreases about 
a factor 10. I f  two hydroxyl- groups are attached to the rin g, the 
threshold i ncreases strongly ( reso rcinol , hydroquinone and cate
chol are odorl ess, according to Moncri ef ( 47) ) .  

I f  however a combi nation o f  a methyl and hydroxyl group i s  
attached to the ring, the threshold decreases about a factor 104 . 
An addition of a second methyl group ( xyl enols) has l ittle influ
ence upon the threshol d. 

A second p rope rty fo r sub stances wi th at l east one m ethyl 
group l i es in the fact that the symmetri c al mol ecul es have the 
lowest threshold amon g  the corresponding substances. The p ara
compounds o f  xyl ene, c resol and tol uidine have the lowest thresh
old in thei r series, whil e  from the xyl enol s  1 : 3 - xyl en - 5 - ol 
and 1 : 3 - xyl en - 2 - ol have the lowest threshold. 

The behaviour of n i t rophenol shows a devi ation, here the o r
tho- compound has the lowest threshold. 

We did not succeed in f i nding a correl ation between the 
thresholds o f  the ortho- , meta- and p ara- compounds and some phy
sical or c hemical p rop erti es such a sol ub i l i ty, boi l ing point and 
mel ting point, number of possible val ence- bond structures, dipol
moments of the g roup attached to the ri n g  or sur face tension 
lowering in water • ) .  

• )  The au tho r i s  much i n d eb t e d  to H. Po stm a, J . R. Noo i ,  E. J. Stam
hui s  and c. H. G e e rt s  fo r t h ei r a s s i staQce d u ri n g  th e exp e r i 
ments descri b ed in thi s thesi s and t o  R. J. P l ant a fo r p rep ari n g  
t h e  o p t i c al i somers and a numb e r  o f  mercap tans. 
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S V M M A R Y 

The b iophysical investi gations described i n  thi s thesis are 
rel ated to the mechanism of the sense of smel l .  Various asp ects. 
such as the absolute threshold, the number o f  co- operating recep
tors required for a threshold sensation. adap t at ion and recovery 
o f  the sense organ and the connection between chemical structure 
and threshold were investigated. 

The app aratus desi gned fo r the e xp eriments and the requ i r e
ments to be ful fil l ed were discussed in chapter I.  

Fbr the investigation o f  the absolute threshol d  it  is  impor
tant to determine the most favourabl e value s  for the changeab l e  
quantiti es. vari ation o f  t h e  stimul us duration and t h e  rate o f  
flow o f  the insp i red or inj ected ai r i n fluences the threshold to 
a l arge extent. Below a crit i c al duration o f  about 0. 18 seconds. 
the minimum number o f  mol ecul es requi red for a smel l sensatio· 
approaches a constant val ue. When changing the stimul us duration 
from for i n stance 0 . 1 second i nto 0. 0 5  second. about an equal 
number o f  mol ecules is requi red for a threshold sensation, so the 
minimum concentration of the odorant shows a nearly two fold i n
crease. Above the critical t ime the minimum concentration remains 
almost independent of the stimulus duration, here the total num
ber o f  mol ecul es i s  about proportional to stimulus duration. 

The var i ation o f  the thresho l d  wi th the rat e  of flow o f  the 
inspired or  inj ected air c an  be exp l ai ned by t aking i nto account 
the di ffusion and absorp tion phenomena i n . the n asal cavi ty. Two 
opposed effects are op erating when the rate o f  flow increases, 
the concentration o f  the odo rant entering the ol facto ry sl i t  
increases because l ess mol ecules are lost i n  the mucous membrane 
before the sl i t  is reached, but the fraction o f  the mol ecul es 
di ffusing to the ol factory ep ithel ium decreases. The i n fl uence o f  
the two effects upon the threshold was di scussed i n  chapter I l l. 
Fbr the c al cul ations, the fraction o f  the air p assing the olfac
tory sl i t  should be determined. Experiments with a model showed 
that this fraction was about 7 p ercent for no rm al i nsp i ration.  
When using small volumes for the threshold determination a co r
rection for the l o st vol ume i n  the fo remost p art o f  the n as al 
cavity also has to be appl ied. 
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I n  chapter  I l l  i t  was pointed out that concentration of the 
odorous mol ecul es from a l arge area of  the ol factory ep i thel ium 
upon one sense cel l is not possibl e.  Nine mol ecul es o f  the most 
sensi tive mercaptans are certainly sufficient to activate a sense 
cell. Very probably even one mol ecul e is al ready sufficient. 

From the influence of the stati stical fluctuations in the num
ber of mol ecul es strik ing the sense organ upon the frequency o f  
smell ing i t  can be concluded that for the most sensitive mercap
tans at l east 40 recepto rs must be activated simul taneously be

fore a sensation is perceived. The e ffici ency of the smel l mecha
nism was di scussed. 

Various phenomena concerning  the ad ap t ation and recovery o f  
the sense o rgan were di scussed in  chapter IV. Adapting intensi ty 
and adaptation time appear to b e  important quantiti es. Adaptation 
during a time t to a concentration C of the odorant (C = 1 agrees 
with the absolute threshold concentration) gives a rai sing of the 
threshold D expressed for d·octanol in the formul a 

D = 1 + a (C - 1) ( 1  - e • t/ 1 s/C:l) • 

where a i s  a constant varying only sl i ghtly with the adap t ing 
concentration. 

The adap t at ion times requi red fo r a cessation o f  the sme l l  
sensation are propo rtional to the square root o f  the concentra
tion used for the adap tation. I f  adaptation i s  not yet compl ete. 
the raising of  the threshold is app roximately a function of the 
total quan t i ty of odorous materi al suppl i ed to the sense o rgan. 
i rrespective o f  the time i n  whi ch thi s  qu ant i ty has been sup
pl ied. 

Some exp e riments concerning the recovery o f  the sense o rgan 
after previous adap tation indicated that the peripheral p arts o f  
the sense organ contribute only to a smal l extent to the adapta
tion. An extensive survey of the resul ts of adaptation investiga
tions was given in 4. 9.  

A p robl em still unsolved is  the rel ationship between chemical 
structure o r  some chemical o r  physi cal p roperty. and odour o r  
thresho l d. A n umber o f  thresho l d s  o f  o r tho- . meta- and p ara
compounds and two op t ical i somers was determined. Even fo r the 
l imited group o f  materials investigated. no correlation was found 
between threshold and some chemical or physical property. ( Chap
ter V) . 
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S A M E N V A T T I N G 

De in dit  p ro efschri ft beschreven biofysi sche onderzoekingen 
hebben betrekking op het mechani sme van het reukorgaan. Verschil
l ende aspecten zoal s de abso l ut e  gevoel igheid,  het aantal samen
werkende receptoren bij een drempel- sensat i e ,  adap t atie en her
stel van het o rgaan en het verband tussen chemi sche structuur en 
drempelwaarde werden onderzocht. 

De voo r  deze onderzoekingen ontwikkelde app aratuur en de 
eisen, welke men hieraan moet stel l en, zij n  in het eerste hoo fd
stuk besproken. 

Voo r  de bep al ing van de abso l ute gevoel i gheid van het orgaan 
is  het van bel ang om de meest gunstige waarden voor de verschi l 
l ende p arameters te k i ezen. D e  p rikkel duur e n  d e  stroomsnel heid 
van de ingeademde o f  geinj ecteerde l ucht beinvloeden de drempel  
sterk. Beneden een bepaal de kri tische tij d ( ongeveer 0. 18 secon
de) blijkt het minimal e  aantal reuk sto fmol eculen, welke nodig i s  
voor een sensati e ' tot een constante waarde te naderen. Verandert 
men bij voo rbeel d de p rikkel duur van 0. 1 seconde in 0 . 05 seconde 
dan zij n ongeveer evenveel molecul en nodig en zal dus de minimal e 
concentratie ongeveer twee maal zo groat wo rden. Boven de kriti
sche tij d heeft een verandering van de p rikkel duur weinig invloed 
op de minimal e  concentratie. Het to tal e aan t al mol ecul en nodi g 
voor een d rempel sensati e  is dan ongeveer evenredig met de p rik
kel duur ( hoofdstuk 11) . 

Het verband tussen drempel en stroomsnel heid van de geinj ec
teerde of ingeademde l ucht kan warden verkl aard door de absorptie 
en di ffusie verschij nsel en i n  de  neusho l t e  i n  rekening te bren
gen. Hi erbij heeft men twee tegengestelde e f fecten; wanneer d e  
stroomsnelheid toeneemt wordt de concentratie van d e  reuksto f i n  
de reuksp l eet grater omdat een kl einer percentage mol ecul en ver
loren gaat voordat de reuksp l eet wo rdt bereikt;  echter het p e r
centage van de mol ecul en, welke gel egenheid krij gt om naar het 
reukep i theel te di ffunderen vermindert. In  hoo fdstuk Ill  i s  de 
invloed van deze twee effecten up de dremp el voor verschil l ende 
stroomsnelheden berekend en vergeleken met de exPerimentel e waar
den. Voo r de berek ening mo et men weten wel k  p ercentage van de  
ingeademde of  geinj ecteerde l ucht de reuk spl eet p asseert. Doo r  
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middel van enkel e stromingsproeven met een model van de neusholte 
werd di t percentage bep aald. Indien bij de drempelwaarde metingen 
kl eine vol umina warden gebruikt ( hoge con c en t raties)  moet een 
correctie warden aangebracht voor het volume ,  welke in het voor
ste deel van de neusholte verlo ren gaat. 

In hoofdstuk I I I  i s  tevens aangetoond, dat concentratie van de 
reukstof ui t een groat gebied van het reuk- ep i theel op 1 zintuig
cel niet mogel ijk  i s. voor de gevoel i gste mercaptanen b l ij ken 9 
moleculen reeds voldoende te zij n  om een zintuigcel te activeren. 
Zeer waarschij nl i j k  i s  echter oak 1 mol ecuul van de reuk sto f 
reeds voldoende. 

Ui t de invloed van de stat i stische fl uctuat i es in het aantal 
mol eculen, welke op het zintuigorgaan val l en,  op de reukkans kan 
men berekenen dat voor de gevoel igste mercap t anen, voo r het ont
staan van een reuksensat i e ,  minstens een 40- tal recepto ren ge
l ij ktij d i g  mo et wa rden geacti veerd. Indi rect komt hi erbij de 
efficiency van het reukmechanisme ter sprake. 

Een aantal adaptat i e  verschij nsel en is in hoo fdstuk IV besp ro
ken. De sterk te van de p rikkel  en de adap tati e  tij d bl ij ken be
l angrijke variabelen te zij n. Adaptatie gedurende een tij d t aan 
een reuksto fconcentrat i e  C ( C  = 1, komt overeen met de absolute 
drempelconcentratie) geeft voor d-octanol een drempel verhoging D, 
welke wo rdt gegeven door de formul e 

D = 1 + a  (C - 1) ( 1 - e · t! l sv'c:l") , 

waarbij a een constante i s, die maar weinig van de reuk s to f  con
centratie C afhangt. 

De adap t atie tij den, welke voor een bep aalde reuksto fconcen
tratie nodig zij n om de geur te doen verdwij n en blijken evenredig 
met de wortel uit de concentratie te zij n. Tevens is aangetoond, 
dat indien de adaptatie  nog niet vol ledig i s, de verhoging van de 
drempel bij benaderi n g  wordt bepaal d door de to tal e  hoeveelheid 
reuksto f,  wel ke aan het o rgaan wordt toegevo erd, onafhankel ij k  
van de tij d, waarin deze b.oeveelheid wordt aangeboden. 

Enkel e p roeven over het herstel van het reukzintuig tonen aan, 
dat de adap tati e  slechts voor een gering gedeel te wordt veroor
zaakt door het peri fere gedee l t e  van het o rgaan. Het central e 
zenuwstel sel blij kt zeer sterk tot de adap t at i e  bij te dragen. 
Een uitgebreid overzicht van de resul t aten van de adaptati e me
tingen is gegeven in 4. 9. 

Een onop gelost p robl eem bl ij ft de rel at i e, welk e  tussen de 
geur o f  drempel waarde en de chemische structuur of een of andere 
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chemi sche o f  p hysi sche ei genschap bestaat. Een aantal dremp e l 
waarden van ortho- . meta- e n  p ara- sto ffen e n  een tweetal stereo 
isomeren werden bepaald. Zel fs voor de beperkte groep onderzochte 
stoffen kon geen correl atie  met een chemische of  physi sche eigen
schap wo rden gevonden ( hoofdstuk V) . 
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