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Α representative, the H T - 3 fibre, of a new type of s tonewool ( H T fibres), charac te r ized by a relatively h igh c o n t e n t of a l u m i n a a n d 
a relatively low conten t of silica, has recently been tested in-vivo by Be l lmann et al . t o have a low biopers is tence after i n t r a t r a c h e a l 
inst i l ladon in rat lungs. Several advantages of this fibre were found: 

- a half-time Γ50 which is 2 respectively 4 t imes lower t h a n that for t he reference fibres glasswool a n d s tonewool (after c o r r e c t i n g 
to 1 p m median d iameter) , 

- a bet ter ul t imate clearance after 18 months , resulting in 3 % remain ing for the H T - 3 fibre c o m p a r e d t o 32 % for n o r m a l s t o n e w o o l , 
- an effective clearance of fibres with a d iameter <0 .5 pm. Fibres w i th a d i ame te r be longing t o this d a s s are general ly t h o u g h t t o 

be those with the highest po tency for t u m o u r fo rmadon . 

T h e H T fibres have a relatively low in-vitro d i s so ludon rate at p H = 7.5, similar to tha t of n o r m a l s tonewool fibres, b u t a h i g h 
in-vitro dissolution rate at p H = 4.5. T h e exp lanadon of the favourable in-vivo proper t ies of the H T - 3 fibre is based o n t h e r ecen t 
investigations of the ability of alveolar macrophages to dissolve cer ta in fibres, coup led wi th the Observation of the h igh d i s s o l u t i o n 
rate of the H T fibres at the p H value of 4.5 to 5 prevailing inside t he macrophages . All H T fibres have been s h o w n t o have 
comparable , high dissolut ion rates at p H = 4.5 to 5. 

Neue Steinwolle-HT-Fasern mit hoher Auflösungsgeschwindigkeit bei einem pH-Wert von 4,5 

Steinwolle-HT-Fasern sind ein neuer Typus von Steinwollefasern, die sich gegenüber h e r k ö m m l i c h e n Fase rn d u r c h e inen re la t iv 
hohen Aluminiumoxid- u n d einen relativ geringen Siliciumoxidgehalt ausze ichnen . F ü r einen R e p r ä s e n t a n t e n , die HT3-Fase r , w u r d e 
kürzlich von Bel lmann u. a. in einem In-vivo-Versuch, bei dem Fase rn in t ra t r achea l in R a t t e n l u n g e n instilliert w u r d e n , e ine n i ed r ige 
Biopersistenz nachgewiesen. Insbesondere zeichnen sich die H T 3 - F a s e r n in diesem Versuchsmodel l d u r c h folgende E igenscha f t en 
aus: 

- Die Halbwertszei t Γ50 ist zwei- bzw. viermal geringer als für Referenzfasern aus he rkömml i che r G l a s - bzw. Steinwolle ( n a c h 
Kor rek tu r der Werte auf einen S tandarddurchmesser von 1 μm) . 

- Die totale Clearance nach 18 M o n a t e n ist mit 3 % in der Ra t t en lunge verb le ibender Fase rn besser als für h e r k ö m m l i c h e Stein wo l 
lefasern, für die nach dieser Zeit 32 % der ursprüngl ich instillierten Fase rn nachgewiesen w u r d e n . 

- Die Faser-Clearance ist für Fasern mit einem Durchmesser < 0 , 5 p m besonde r s effektiv. F ü r Fase rn dieses D u r c h m e s s e r s w i r d 
allgemein eine höhere kanzerogene Potenz a n g e n o m m e n . 

Die HT-Fase rn weisen ähnl ich wie herkömmliche Steinwollefasern eine relativ niedrige In-v i t ro-Auf lösungsra te bei e i n e m p H -
Wert von 7,5 au f Sie besitzen j edoch eine h o h e In-vi t ro-Auflösungsrate bei e inem p H - W e r t von 4 ,5 . E ine mögl iche E r k l ä r u n g für 
die in-vivo ermit tel te hohe Biolöslichkeit ergibt sich aus neueren U n t e r s u c h u n g e n zur Rolle de r M a k r o p h a g e n bei de r A u f l ö s u n g 
bes t immter Faser typen. Bei d e m innerha lb der M a k r o p h a g e n bes t ehenden p H - W e r t von 4,5 bis 5 weisen die H T - F a s e r n e ine b e s o n 
ders hohe Auflösungsrate a u f Allen Steinwollefasern des neuen T y p u s H T ist die h o h e Auf lösungsra te bei e inem p H - W e r t v o n 4 ,5 
bis 5 eigen. Sie liegt für alle HT-Fase rn etwa in derselben G r ö ß e n o r d n u n g . 

1. Introduction 
The clearance of man -made vitreous fibres ( M M V F ) 

from lungs depends on different mechanisms. Two mech

anisms have been recognized to be of impor tance: the 

dissolution in the lung fluid and the mechanical mac-

rophage-mediated clearance. But in addi t ion to these, 

the dissolution by the macrophages of fibres part ly or 

fully engulfed by the macrophages seem to play an im-
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p o r t a n t role for fibres, which have a h igh d issolu t ion ra te 

in the acidic envi ronment ( p H = 4.5 to 5 [1]) preva i l ing 

inside the macrophages [2 to 4]. 

T h e extracellular d issolut ion in the near -neu t ra l l u n g 

fluid ( p H = 7.4 to 7.8) has so far been p r o p o s e d t o be 

the only i m p o r t a n t Clearing mechan i sm for l o n g 

fibres [5 a n d 6]. However, it ha s been observed [2 t o 4 

a n d 7] tha t also long fibres wi th a low in-vi tro d i s so

lu t ion rate at p H = 7.5 can somet imes have a low 

biopersis tence. This is observed for fibres wi th a h igh in-

vi t ro dissolut ion rate at p H = 4.5 a n d is suggested t o be 



due to the above-ment ioned intracel lular dissolution. 
F ibres t oo long for comple te engulfment by the macro
phages seem to be b roken in to shor ter pieces by part ial 
engulfment a n d dissolut ion. 

T h e half-t ime Γ50 used in the evaluat ion of in-vivo bio
persistence exper iments assumes a f irst-order kinedcs for 
the Clearing of fibres. I t is cus tomary in some of these in
vestigations to present t ime cons tan t s for different length 
fractions. A l t h o u g h an extensive survey of several in-vivo 
studies [8] indicates tha t especially the th in fibres with di
ameters less t h a n 0.5 p m are those wi th the highest p o 
tency for t u m o u r format ion , it is no t c u s t o m a r y to present 
the t ime cons tan t s be longing to different fibre diameters. 
In the present paper, Γ50 for fibres < 0 . 5 p m is suggested 
to be an i m p o r t a n t parameter . 

Since first-order kinetics is se ldom exactly observed in 
in-vivo exper iments it may be argued tha t further t ime 
cons tan t s such as Γ75 or even TGO may be relevant. Α short 
t ime for Clearing 50 % of the fibres seems wi thou t signifi
cance if a subs tant ia l n u m b e r of fibres a re remaining for 
longer per iods of time. In the extensive invest igadons by 
Bel lmann et al. [4 a n d 9] using the in t ra t rachea l test, a high 
percentage of fibres remain even after 18 m o n t h s for mos t 
of the fibre types tested. This behaviour violates the as
sumpt ion of first-order kinetics. T h e clearance of the 
s tonewool H T - 3 fibre, a representat ive of the new type of 
s tonewool to be descr ibed in this paper, r emains a first-
o rder kinetics for the entire time, thus, leaving a very low 
percentage of fibres after 18 mon ths . 

T h e effective Clearing observed wi th the stonewool 
H T - 3 fibre is suggested to be due to the above-men
t ioned m e c h a n i s m of dissolut ion inside the macro
phages. T h e mac rophages have been assumed to be re
sponsible mainly for the mechanica l c learance of the 
fibres. Recently L u o t o et al. [10 to 13] have demon
strated the dissolving ability of mac rophages on fibres. 
T h e Observation tha t fibres with a high dissolut ion rate 
in acidic env i ronment actually d i sappear quickly from 
the lungs suggests tha t the in-vitro d issolut ion rate at 
p H = 4.5 should be regarded as equally impor tan t as 
tha t at p H = 7.5, when explaining a n d predic t ing the in-
vivo behaviour of different fibre compos i t ions . 

This pape r describes measu remen t s of the in-vitro 
dissolut ion rates at p H = 4.5 using a f low-through meth
od. T h e results ob ta ined for the H T - 3 fibre are presented 
a long with results for o ther related fibre composi t ions, 
which proved to have comparab le d issolu t ion rates at 
p H = 4.5. All fibres are character ized by having a high 
con ten t of a lumina a n d a low con ten t of silica compared 
to n o r m a l s tonewool fibres. 

2. Materials and methods 
2.1 Production and characterization of the fibres 
investigated 
T h e H T fibres were p roduced either full-scale or at a 
pilot p lan t at the Rockwool factories in Denmark . 
Binder a n d oil were n o t added . Fibres from the N A I M A 

(Nor th American Insulat ion Manufacturers Association, 
Alexandria, VA 22314 (USA)) fibre reposi tory were used 
as reference samples ( M M V F 2 1 , 22, 11 and R C F l ) . The 
chemical composi t ions and the dimensions of the fibres 
are given in table 1. 

The fibres which passed a 63 pm sieve were used for 
the measurements (the reference fibres were no t sieved). 
The chemical composi t ion was determined by means of 
X-ray fluorescence spectrometry ( X R F ) using the Phil
ips 1404 equipment (Philips, Eindhoven (The Nether
lands)). The length-weighted diameter distr ibution of 
the fibres was determined by means of Scanning Elec
tron Microscopy (SEM) using a Leica Ins t rument S360 
(Leica, Cambr idge (UK)) and by applying the intercept 
me thod (described in [14] as the probabihsfic length-
weighted method) , enabhng also a calculation of the 
specific surface of the fibre sample tested. 

2.2 Measurennents of rate of dissolution 
The measurements and calculations were carried out in 
principle as described by Guldberg et al. [15]. Weighed 
amoun t s of fibres were placed in polycarbonate filter 
holders (diameter 50 m m ) between a 0.8 pm micropore 
filter on the inlet side ( top) and a 0.2 pm micropore filter 
on the outlet side (bot tom) . For each experiment two or 
three filter holders were moun ted in parallel. The flow 
rate of the modified Gamble ' s liquids (table 2) was kept 
constant at (105 ± 5) ml/d. The set-up was mainta ined 
at 37 °C. The exact a m o u n t s of the effluents and their 
p H values were determined after 1, 4, 11, 18 and 25 d. 
Aliquots of these collections were analyzed with respect 
to Silicon, a luminium, calcium and magnesium by means 
of Atomic A b s o r p d o n Spect rophotometry (AAS), using 
a Perkin-Elmer AS5000 (Perkin Elmer, Norwalk , C T 
(USA)) . Measurements were carried out at different ra
tios between the flow rate (F) and the initial surface area 
of the fibre sample (A), {FlΑ in pm/s). All fibres were 
measured at p H = 4.5 and some H T fibres and the refer
ence fibres at p H = 7.5. 

The dissolution of the fibres was assumed to be sur
face reaction-controlled, with a rate constant defined by 

-AD = lüt (1) 

where t is time, AD is the constant decrease of diameter, 
and Ό the rate constant . 

Since the different componen ts making up the com
posit ion of the fibre are not always dissolved at the same 
rate, one rate cons tant ^si was calculated for the disso
lution of Si02 and one rate constant v^w as an average 
for all major oxides. When ^si and v^w are very different, 
the dissoludon is incongruent . Al though the rate of dif
fusion of leaching components may play a role in this 
case, diffusion control was not taken into account in 
the calculations. 

When M/o is the mass of componen t / in the sample at 
t ime zero and AM, the mass dissolved at time t, the follow
ing equat ion has been used for the calculation of Υ F. 



Table 1. Chemical compos i t ions (in wt%) , K I index, and dimensions (in p m ) of the invest igated fibres 

fibre types Si02 AI2O3 Ti02 F e O C a O M g O N a s O K2O B2O3 K I 

s tonewool H T - 3 38.7 31.9 1.7 6.8 15.3 2.0 0.3 0.7 - 4 6 2.2 4.6 7.8 

H T - A 39.2 24.1 1.8 3.2 21.5 6.6 1.8 0.8 - 1 8 1.9 3.8 6.2 
H T - B 35.4 25.7 1.9 4.8 17.3 10.6 1.0 1.1 - 2 3 1.3 3.0 5.8 
H T - C 37.7 24.6 1.7 3.0 24.5 5.5 0.7 0.8 - 1 9 1.7 3.7 6.9 
H T - D 37.4 24.2 1.8 4.5 17.1 11.1 1.2 0.8 - 1 9 1.3 3.2 6.8 
H T - E 42.1 19.5 1.6 4.9 16.2 11.2 1.2 0.8 - 1 0 1.6 3.7 7.1 
H T - F 42.5 19.5 1.5 3.3 24.3 5.5 1.0 0.8 - 8 1.7 4.2 6.9 
H T - G 42.4 18.2 3.5 5.2 15.9 9.4 1.7 0.7 - 9 1.8 4.4 7.5 
H T - H 39.4 21.4 2.0 7.4 17.0 10.5 1.5 0.8 - 1 6 1.3 3.3 6.8 
HT- I 42.1 21.7 0.7 9.3 17.4 5.1 0.6 1.4 - 1 9 1.7 4.0 7.2 
HT-J 33.8 27.5 1.8 3.2 24.9 5.5 0.6 0.8 - 2 4 1.4 3.0 5.4 

s tonewool , M M V F 2 1 46.2 13.0 3.0 6.3 16.9 9.3 2.6 1.3 3 0.8 1.3 2.1 

slagwool, M M V F 2 2 2 ) 38.4 10.6 0.5 0.3 37.5 9.9 0.4 0.4 27 0.6 1.1 1.8 
slagwool, M M V F 2 2 3 ) 39.8 10.9 0.5 0.4 36.4 9.6 <0.1 0.5 25 0.9 2.6 5.5 

glasswool, M M V F 11 63.9 3.9 <0.1 0.2 7.5 2.8 15.5 1.3 4.5 23 0.5 1.2 2.2 

ceramic fibre, R C F l 47.7 48.0 2.1 1.0 0.1 1.0 0.5 0.2 - 9 4 0.6 1.3 2.5 

^ T h e characterist ic d iameter fractions based on a length-weighted fibre d i a m e t e r d i s t r ibu t ion . F ine fibre fractions. C o a r s e fibres. 

Table 2. Compos i t ion of the modified Gamble ' s liquid (in mg/1) 

p H level of liquid 7.5/4.5 

MgCl2 · 6H2O 
N a C l 
CaCl2 · 2 H 2 O 
Na2S04 
Na2HP04 
N a H C O s 
Na2-tartrate · 2 H 2 O 
Naa-citrate · 2 H 2 O 
9 0 % lactic acid 
glycine 
Na-pyruvate 
formalin 
H C l 1:1 a d d i d o n in ml 

212 
7120 

29 
79 

148 
1950 

180 
152 
156 
118 
172 

1 to 2 
- 3 . 7 ( to p H = 4.5) 

M,o - AM, = ] (D- 2öjfaL{D). (2) 
4 2u,t 

Here Qi is the density of componen t /, LQ is the accumu
lated fibre length at t ime zero and L{D) the length-
weighted cumulative diameter distr ibution function of 
the original fibre sample. 

The r ight-hand integral is solved by numerical inte
gration, by dividing the cumulative distr ibution function 
L(D) into small intervals. Vi is now increased in a step-
wise manner until the r ight-hand side and the left-hand 
side agree within a predetermined accuracy. 

The values thus determined for the periods 1,4, 11, 
18, and 25 d are often seen to vary in a systematic man
ner. The values found for the period 0 to 25 d (or until 
75 % of the fibres were dissolved, when this was reached 
before the 25 d) have been used in table 3, and a Stan
dard deviation was calculated to give an indication of 
the lack of constancy of the dissolution rates. 
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Figure 1. In-vi t ro d i s s o l u d o n rates at p H = 4.5 as a f u n c d o n 
ofF/A. 

A t the end of the exper iment the r ema in ing fibres 
were r insed in de-ionized water, dr ied a n d weighed, a n d 
the remain ing mass c o m p a r e d to the results of t h e calcu
lat ion. W h e n the remain ing mass of fibres were n o t t o o 
low ( > 2 5 % ) , the difference between the weighed a n d the 
calculated a m o u n t s never exceeded 1 0 % relative. T h e 
devia t ion of the results of the different cells involved in 
each exper iment was typically found to be 5 t o 15 % . 

3. Results 
T h e dissolut ion rate ν at p H = 4.5 found wi th t h e flow-
t h r o u g h m e t h o d at different Fl Α ra t ios can be seen in fig
ure 1 for the s tonewool H T - 3 fibre tested in-vivo [2 t o 4] 
a n d for o the r H T fibres. For c o m p a r i s o n a n o r m a l s tone 
wool fibre, M M V F 2 1 , has been included. All H T fibres 
have clearly higher dissolut ion rates t h a n n o r m a l s tone 
wool . 



Table 3. D i s so lu t ion rates a t p H values of 4.5 a n d 7.5, respectively 

fibre type Dali in n m / d ösi in nm/d F/A in p m / s p H values in the 
effluent^) 

dura t ion of 
exposit ion in d^^ 

p H value = 4.5 

H T - 3 39 (5) 38 (6) 0.019 5.8/5.8 25 
H T - 3 61 (13) 57 (14) 0.031 5.6/5.3 18 
H T - 3 137 (22) 134 (22) 0.133 5.3/5.8 11 
H T - 3 199 ( - ) 193 ( - ) 0.357 5.3/5.0 4 

H T - H 38 (5) 37 (5) 0.019 6.0/5.8 25 
H T - H 80 (20) 77 (21) 0.031 5.8/5.3 25 
H T - H 164 ( - ) 164 ( - ) 0.138 5.3/5.3 4 
H T - H 372 ( - ) 369 ( - ) 0.361 5.1/5.0 4 

H T - F 37 (6) 34 (7) 0.028 5.3/5.5 25 
H T - F 57 (17) 52 (17) 0.029 5.5/5.3 25 
H T - F 150 (23) 141 (26) 0.140 5.0/5.0 11 
H T - F 273 ( - ) 268 ( - ) 0.361 5.0/5.0 4 

H T - J 45 (7) 44 (7) 0.022 5.9/5.5 25 
H T - J 61 (8) 61 (8) 0.028 5.8/5.3 25 
H T - J 154 ( - ) 164 ( - ) 0.140 5.5/5.5 4 
H T - J 279 ( - ) 298 ( - ) 0.381 5.0/5.0 4 

H T - A 205 ( - ) 201 ( - ) 0.163 5.3/5.3 4 
H T - B 186 ( - ) 193 ( - ) 0.163 5.5/5.3 4 
H T - C 208 ( - ) 212 ( - ) 0.170 5.5/5.3 4 
H T - D 229 ( - ) 234 ( - ) 0.160 5.5/5.3 4 
H T - E 130 (14) 129 (13) 0.162 5.3/4.7 11 
H T - G I I I (20) 102 (20) 0.162 5.0/4.7 11 
H T - I 191 ( - ) 177 ( - ) 0.170 5.3/4.7 4 

M M V F 2 1 4.5 (0.2) 3.9 (0.6) 0.013 4.7/4.7 25 
M M V F 2 1 6 .2 (1 .0 ) 4.5 (1.2) 0.029 5.2/4.7 25 
M M V F 2 1 12 (2.3) 0.325 4.5/4.7 25 

M M V F 2 2 6 ) 28 ( - ) 14 ( - ) 0.014 - 25 
M M V F 2 2 6 ) 43 ( - ) 20 (7) 0.029 6.6/4.7 11 
M M V F 2 2 ^ ) 106 (59) 29 (8) 0.164 5.8/4.7 11 
MMVF22^> 140 (104) 54 (20) 0.455 5.3/5.0 11 

M M V F 11 0.7 (0.5) 0.5 (0.1) 0.013 4.7/4.7 25 
M M V F 11 0.9 (0.6) <0 .1 0.029 5.1/4.7 25 

R C F l 2.6 (0.3) 2.6 (0.6) 0.035 4.7/4.7 25 

p H value = 7.5 

H T - 3 3.8 (1.6) 3.1 (1.5) 0.030 7.9/8.0 25 

H T - H 3.4 (0.4) 3.5 (0.1) 0.011 8.5/8.5 25 
H T - H 4 . 4 ( 1 . 9 ) 3.9 (1.6) 0.030 7.9/7.9 25 
H T - H 6.6 (2.4) 6 .6(1 .4) 0.087 8.5/8.5 25 

H T - F 2.0 (0.3) 1.8 (0.2) 0.011 8.2/8.3 25 
H T - F 2.0 (0.8) 1.3 (0.7) 0.030 7.9/7.9 25 

H T - J 4.2 (0.3) 4.1 (0.3) 0.009 7.7/8.1 25 
H T - J 8.3 (3.3) 7.4 (2.8) 0.029 7.9/7.9 25 

M M V F 2 1 2.1 ( - ) 1.9 ( - ) 0.014 7.7/7.7 25 
M M V F 2 1 1.6 (0.6) 1.6 (0.6) 0.029 8.0/7.9 25 
M M V F 2 1 6.0 (2.5) 0.328 7.7/7.7 25 

M M V F l l 1 7 ( 3 ) 1 3 ( 2 ) 0.013 8.0/7.9 25 

M M V F 2 2 6 ) 1 2 ( 3 ) 4.8 (0.7) 0.014 - 25 
MMVF226> 1 2 ( 5 ) 4.9 (2.1) 0.029 8.0/8.0 25 

p H va lue of the effluent at the first day a n d the last day of the exper iment . Inlet p H value = 4.5 and 7.5, respectively 
D u r a t i o n of exper iment : 25 d o r unt i l 75 % of t he fibres has dissolved, if this happened before 25 d. 
F i n e fibre fract ion. 
C o a r s e fibres. 

E x p l a n a t i o n s : F igures in b racke ts a re t he S t a n d a r d deviations between υ in the different sampling periods. 
M M V F 2 1 = n o r m a l s tonewool , M M V F 2 2 = Amer ican slagwool, M M V F l l = n o r m a l glasswool. 



In table 3 the values of ν for the different H T fibres 
based on all components and on silicon (network disso
lution) are given. For compar i son results for normal 
glass-, stone- and slagwool are included, along with some 
results at p H = 7.5. The dissolution rate at p H = 4.5 of all 
H T fibres is higher than that of glasswool and stonewool 
and on the same level as or higher than that of slagwool, 
dependent on the F/A ratio. 

4. Discussion 

4.1 Methods of nneasurements 
Mat t son [16] found increasing dissolution rates, v, with in
creasing flow rate/surface area {F/A) u p to a limit, where 
a rate constant ν was obtained. He r measurements con
centrated on p H = 7.4 Gamble ' s liquid, however, the au
thors of the present paper have m a d e similar observations 
as to the impact of increasing F/A using liquids with a p H 
value of 4.5. 

The reason for the influence of the F/A ratio on the de
termined dissolution rate cons tant ν is no t well under
stood. The finding of F/A being a determining parameter 
for the overall dissolution rate in a flow-through experi
ment meets with the pa radox that this ratio increases sig
nificantly during a dissolution experiment and that this 
increase of F/A is different, depending on the dissolution 
of the fibre type in question. 

At least three physico-chemical effects must be taken 
into consideration to clarify the effect of F/A: 

- when the F/A ratio is very low compared to the disso
lution rate of the fibre, a Saturation level is maintained 
during the elapse of the measurements , and the disso
lution rate will respond almost proport ional ly to an in
crease oiF/A\ 

- even when the F/A ratio has been raised sufficiently to 
avoid Saturation, diffusion th rough a leached layer or 
a membrane may control the dissolution rate. Α higher 
F/A value will lead to lower concentrat ions in the sur
rounding liquid, and thus, to higher dissolution rates; 

- maintaining the intended p H value may present a se
vere problem at low F/A, as the dissolution of the fibres 
will cause the p H value to rise. A n increased level of p H 
may lead to higher or lower dissolution rates, de
pending on the fibre type in quest ion. 

The possible role played by diffusion has already been 
touched upon by Mat t son [16] and by Touray [17]. The im
pact it may have on a mathematical model for dissolution 
has not yet been evaluated. Work is in progress in the lab
ora tory of Rockwool Internat ional to establish a more 
comprehensive model including the effects of Saturation, 
reaction-controlled dissolution and diffusion-controlled 
dissolution. 

4.2 Effect of chennical composition 
In a recent work by Christensen et al. [7] it was indicated 
tha t Si02 and C a O govern the dissolution rate at p H = 
= 4.5, the dissolution rate increasing with increasing con

tent of C a O and decreasing con ten t of Si02. In t he p re sen t 
w o r k a series of f low-through tests were carr ied o u t , a n d 
the d o m i n a n t role of Si02 was conf i rmed. 

T h e influence of a lumina in the fibre c o m p o s i t i o n is 
very different at p H values of 7.5 a n d 4.5. F r o m t h e w o r k 
of M a t t s o n et al. [16 a n d 18] a n d of Chr is tensen et al . [7] 
the con t en t of a lumina appears to be the single m o s t im
p o r t a n t e lement at p H = 7.5: increasing con t en t of a lu
m i n a significantly decreases the dissolut ion rate. A t 
p H = 4.5 the con ten t of a lumina seems to increase t he 
dissolu t ion rate to the same extent as e.g. the oxides of cal
c ium, magnes ium, iron a n d sodium. This m e a n s t h a t t he 
dissolu t ion rate is negatively correla ted to the c o n t e n t of 
silica. T h e domina t ing factor for the high d i sso lu t ion ra te 
at p H = 4.5 of the new type of s tonewool is t hus bel ieved 
to be a low silica conten t . This is further i l lustrated w h e n 
look ing at the refractory ceramic fibres (tables 1 a n d 3). 
These fibres have a low dissolut ion rate at b o t h p H values, 
due t o a high con ten t of a lumina as well as a h igh c o n t e n t 
of silica. 

T h e H T fibres have a congruen t d issolut ion at p H = 
= 4 .5 , i.e. all e lements are dissolved at the same rate. Th i s 
can be observed from table 3, where the d isso lu t ion ra te 
calculated based on all elements a n d on silicon is t he s a m e 
wi th in the uncer ta in ty of the de te rmina t ion . W i t h slag
wool ( M M V F 2 2 ) this is no t the case. In this case t he bas ic 
oxides of calc ium a n d magnes ium are dissolving at a m u c h 
h igher rate t h a n Si02, leaving beh ind a si l ica-enriched 
leached layer. This selective leaching pu t s s lagwool in a 
g r o u p of its own. T h e dissolut ion rate based o n the bas ic 
oxides of this slagwool is similar to tha t of the H T fibres, 
whereas the dissolut ion rate based on silicon (ne twork dis
so lu t ion) is lower. 

H T fibres a n d o ther fibre types were exposed t o 70 °C 
a n d 100 % relative humid i ty for 21 d. After this t r e a t m e n t , 
the H T fibres were practically unaffected. S o m e fibre 
types wi th a high dissolut ion rate at p H = 7.5, as e.g. t he 
Exp. 3 fibres [4] wi th a K I index > 4 0 (see be low) were 
clearly cor roded after this t rea tment . T h e different behav
iours at these condi t ions are related to the d isso lu t ion be
hav iour of the different fibres. W h e n water is p resen t o n a 
fibre surface, the p H value of this layer will rise. D u e t o the 
relatively low dissolut ion rate at neu t ra l o r w e a k a lka l ine 
condi t ions , the H T fibres d o no t deter iora te rapidly w h e n 
exposed to h u m i d a tmosphere at elevated t empera tu res . 

4.3 In-vitro/in-vivo dissolution 
It is recognized tha t fibres in a lung are exposed t o b o t h 
the env i ronment of the near -neut ra l lung fluid a n d t o the 
m o r e acidic envi ronment inside the m a c r o p h a g e s [1]. F o r 
fibres which easily dissolve in near -neut ra l l iquids, t he dis
so lu t ion in the lung fluid may be a highly con t r i bu t ing fac
to r t o the Clearing of such fibres. T h e K I index i n t r o d u c e d 
in the G e r m a n guideline T R G S 905 [19] is based u p o n re
sults of in t raper i toneal tests (i.p. tests), bu t is a lso re-
flecting the conclusions of an investigation of t he in-vi t ro 
d issolut ion rate at p H = 7.4 of different bo ros ihca te 
glasses [18]. T h e K I index is defined as t he s u m of 



Table 4. In-vivo results from in t ra t rachea l tes ts [4, 9 and 20] 

fibre type reference 7^50 Tso (1 μπι)^) con ten t of W H O fibres8> conten t of thin fibres 
W H O fibres^) W H O fibres^> (in %) remaining after 

18 m o n t h s 
( i n % ) after 6 m o n t h s 
(<0.5 pm) 

M-475 [4 a n d 20] 183/240 1307/706 1 0 / - 2 4 / -
M - 7 5 3 [4] 45 214 9 
M - E [4] 218 1282 18 33 
M M V F l l [4] 199 212 13 17 
TL-Wol le [4] 188 369 14 60 
X607 [4] 46 31 6 
M-Ste in [4] 116 138 5 54 
M-Sch lacke [4] 81 105 1 30 
R C F l [4] 343 404 30 92 
B-01/09 [4 a n d 20] 32 /39 /104 46/62/76 2 1 1 ) / - / - 1 / - / -
Croc idol i te [4 a n d 9] 689 /1000 3828/7692 7 0 1 2 ) / - 5 2 / -
M M V F 2 1 [9] 326 466 32 41 
s tonewool H T - 3 [9] 110 117 3 2 
M M V F 3 1 [9] 254 249 27 48 
M M V F 3 0 [9] 357 470 38 69 
E x p 3 [9] 32 29 2 1 3 ) 3 1 3 ) 

>̂ F ib res accord ing to the def in idon by W H O , i.e. L > 5 pm, i ) < 3 pm, L/D > 3. 
Cor r ec t ed from the ac tua l m e d i a n d iameter , D^o, of the stock fibres tested to a med ian d iameter of 1 p m by Γ5Ο (1 pm) = TSQID^Q. 

10) A c c u m u l a t e d length of fibres wi th a d i a m e t e r less than 0.5 p m after 6 mon ths , in percentage of accumulated lengths of fibres 
wi th a d i ame te r less t h a n 0.5 p m at the s t a r t of the test. 
After 6 m o n t h s . ^2) After 12 m o n t h s . After 3 months . 

the weight% of C a O + M g O + N a 2 0 + K 2 0 + B a O + B 2 0 3 
minus twice the weight% of A I 2 O 3 wi th h igher K I indices 
m e a n i n g higher dissolut ion rates at p H = 7.5 according to 
[18]. Accord ing to the r ecommenda t i ons in [19], all fibres 
wi th a K I index < 3 0 should be classified as "probably 
carc inogenic" , fibres wi th a K I index between 30 
a n d 40 should be classified as "possibly carcinogenic", 
whereas fibres with a K I index > 4 0 shou ld n o t be classi
fied. 

Fo r fibres which easily dissolve in a n acidic environ
men t , the dissolut ion by the m a c r o p h a g e s is likely to be 
i m p o r t a n t for the clearance. Fo r such fibres the KI index 
does n o t even remotely predict the behav iour of the fibre 
in-vivo. 

Fo r instance, the s tonewool H T - 3 fibre tested in-vivo 
[2, 3, 4 a n d 7] has a high dissolut ion rate at p H = 4.5 and 
a negative K I index. T h e in-vivo results a re shown in table 
4, a long wi th da t a for o ther fibres tested [4, 9 and 20]. It 
appea r s tha t Γ 5 0 for the H T - 3 fibre is 2 respectively 4 times 
lower t h a n Γ 5 0 for n o r m a l glasswool a n d stonewool 
( M M V F 11/TL-Wolle, M M V F 2 1 ) , when correcting the 
Γ 5 0 values to a med ian d iameter of 1 p m . W h e n looking at 
the fraction of fibres left after 18 m o n t h s , it is found that 
there is 3 % left of the H T - 3 fibres. Th i s was also found 
for the fibres with very high dissolut ion rates at p H = 7.5 
(Bayer, E x p 3 , X607) , a n d for o the r fibres wi th a high dis
so lu t ion rate at p H = 4.5 (M-slag, M-Ste in ) . For all the 
o the r fibre types including n o r m a l glass- a n d stonewool 
10 to 40 % is left after 18 mon ths . 

T h e macrophages may dissolve ei ther fully engulfed 
shor t fibres, or they may dissolve tha t p a r t of the long 
F I B R E S , which I S engulfed. In [21] the O B S E R V A T I O N I S R E 

p o r t e d tha t the macrophages , when unab le to completely 

engulf the fibres, a t tach themselves on to the fibres like 
"pearls on a str ing". Also in-vitro cellular tests [11 and 13] 
have shown that macrophages are capable of engulfing the 
long fibres locally. The morphological peculiarities with 
local decrease in fiber diameter observed on S E M photos 
of the stonewool HT-3 fibres recovered from the rat lung 
after one year [2 to 4] are taken as a visual indication for a 
local dissolution of long fibres. Local dissolution is prob
ably an impor t an t factor for fragmentation of fibres. 

Since the Clearing of fibres in the diameter ränge 0 to 
0.5 p m could be of special significance for the t u m o u r po
tency of fibres [8], details in the development of the fibre 
diameter d is t r ibudon with time should be given special at
tention. In the investigations described in [4 and 9], a clear 
picture of this is presented in the form of 3 D graphs of the 
a m o u n t (length) of fibres in the different diameter classes 
(up to 2 pm) at intervals 1, 3, 6, 12, and 18 m o n t h s after 
Instillation. The general picture is that the values of Γ 5 0 for 
fibres belonging to the 0 to 0.5 pm diameter d a s s are 
equal to those of other diameter classes. It generally shows 
no visible shift of the m o d e (maximum frequency) of the 
distr ibution to lower values of diameter. Two extremes 
may be noted. One is characterized by a significant ac-
cumulat ion of fibres in the diameter interval 0 to 0.5 pm 
dur ing the first three months , whereafter a gradual decline 
can be seen. The second is characterized by the opposi te 
trend, a significantly faster clearance of the fibres belong
ing to the 0 to 0.5 pm diameter interval compared to the 
clearance of all other fibre diameters. T h e latter was ob
served only for the HT-3 fibre. In this case, a concomi tan t 
shift of the m o d e of the distribution to higher values can 
be observed. It is proposed that this Observation is due to 
a fragmentation of thin H T fibres into particles. 



5. Conclusion 
The in-vitro dissolution rates at p H values of 4.5 and 7.5 

are bo th impor tan t in evaluating the biopersistence of 

M M V F . The dissolution rate at p H = 4.5 reflects the dis

solution inside the macrophages, whereas the dissolution 

rate at p H = 7.5 reflects the dissolution in the lung fluid. 

The K I index introduced in the proposed G e r m a n 

regulation [19] is only indicative of the dissolution rate in 

the near-neutral lung fluid. When dissolution and break-

age caused by the macrophages are the dominan t clear

ance mechanisms, other chemical parameters are govern

ing. Thus, the stonewool HT-3 fibre tested to have a low 

biopersistence has a negative K I index. 

In addit ion to a low Γ50 value, this HT-3 fibre has 

further advantages: 

- a very low level of remaining fibres (3 %) in the lung is 

reached after 18 months ; 

- the diameter distribution is changed during Clearing, 
leaving only few thin fibres. This is considered an ad

vantage, since thin fibres have been shown to be those 

with the highest potency for t u m o u r formation in ani-

mal tests; 

- the fibres have been found to have high resistance to 

humidi ty at elevated temperatures. 

The above-mentioned in-vivo properties are assumed 

to be due to dissolution by the macrophages (pH = 4.5 to 

5). All H T fibres have comparable, high in-vitro disso

lution rates at p H = 4.5, much higher than those of nor

mal stone- or glasswool fibres. Therefore, it is expected 

that all H T fibres have the same in-vivo behaviour as the 

HT-3 fibre already tested. Preliminary results of ongoing 

in-vivo investigations of other H T composi t ions than that 

of the HT-3 fibre confirm the low biopersistence of the 

H T type of fibres. 
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