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In order to determine whether breakage of long vitreous fibers in the lung could be responsible
for removing significant numbers of these fibers, an intratracheal instillation study was done
with a preparation consisting of mostly long fibers of two different types. Following instillation
of both fibers, laboratory rats were sacrificed at 6 times up to 14 days. The NK (conventional
borosilicate glass) fiber preparation had about 20% short fibers (length <15 p«m) initially, and
fibers recovered from the lungs remained at that proportion for the entire 14 days. But the HT
(a new rock or stone wool) fiber preparation, which had about 5% short fibers initially, jumped
to about 50% short fibers at 2 days and remained at that proportion for the rest of the study.
The appearance of many short HT fibers where there were few initially is conclusive evidence
that these long fibers break, and it explains their rapid removal from the lung. Since the HT
fibers dissolve rapidly at acid pH, but slowly at the near neutral pH of the extracellular lung
fluid, it is likely that acid attack by phagocytic cells is causing the long fibers to dissolve and
break. The long NK fibers dissolve rapidly at neutral pH but slowly at acid pH and thus appear
to clear by more or less uniform dissolution without apparent breakage. The long fibers of these
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two kinds are removed rapidly at about the same rate, but by a different mechanism.

It is now well established that the dissolution and breakdown
of fibers in the lung are important factors in the clearance of
inhaled long fibers from the lung and consequent absence of
adverse health effects (IARC, 2002). Fiber dissolution, leach-
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ing, and breakage are often mentioned as the mechanisms for
clearing long fibers, but there is very little evidence that fibers
actually break in the lung. To provide such evidence, this article
reports the intratracheal instillation in laboratory rats of a fiber
preparation consisting of nearly all long fibers of two different
types, followed by serial sacrifice and measurements of the fiber
sizes remaining in the animals’ lungs. If significant numbers of
short fibers were to appear in the lungs, when there were few
initially, then it would provide direct evidence for fiber breakage
of that fiber type.

It has been found that the disappearance of long borosilicate,
refractory ceramic, slag wool, and several other types of syn-
thetic vitreous fibers from animal lungs following inhalation or
intratracheal instillation can be explained quantitatively by their
respective dissolution rate measured in vitro at near neutral pH
in cell-free systems (Eastes & Hadley, 1996). For these fiber
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types, a nearly uniform dissolution of the fibers is sufficient to
explain the observed lung clearance, and fiber breakage need not
be invoked.

A new type of rock wool or stone wool fiber, here called
an HT fiber, has been developed (Guldberg et al., 2000, 2002),
the long fibers of which disappear rapidly from animals’ lungs,
and yet their dissolution rate at near neutral pH in vitro is not
high enough to explain it. Since these types of fibers dissolve
quite rapidly at acid pH (Knudsen et al., 1996; Guldberg et al.,
2002), it has been proposed that these fibers are attacked by acid
solutions excreted by phagocytic cells as they come into contact
with the long fibers. This acid attack would then break the fibers
into many pieces, allowing them to be cleared efficiently by
macrophage-mediated mechanical clearance (Kamstrup et al.,
2001). Without such breakage, it is difficult to explain how these
types of fibers clear so rapidly, as the long fibers are too long
to be completely engulfed by macrophages and subjected to
breakdown by the phagolysosomes (Eastes & Hadley, 1995).

Previous inhalation and intratracheal instillation studies have
used fiber preparations consisting predominately of short fibers,
typically with less than 10% of the fibers longer than 20 m
(Bernstein et al., 1996). Therefore these studies were unable
to observe a buildup of short fibers resulting from long fibers
breaking in the presence of an overwhelming number of short
fibers overall (Eastes & Hadley, 1995). The study reported here
aims to reverse that situation by starting with predominately long
fibers so that the generation of any short fibers from breakage
of long ones can be observed unambiguously.

MATERIALS AND METHODS

The starting point for the production of the long fiber prepa-
ration was a quantity of each fiber type that had been crushed
and separated by a waterborne process so that most of the fibers
were respirable by laboratory rats. The NK fiber was the same
as NK8340 studied previously (Eastes et al., 2000) and the HT
fiber is the same as RIF42020-2 reported previously (Guldberg
et al., 2000). Their compositions are given in Table 1.

The fiber preparations containing mostly rat respirable diam-
eters were separated by length using the technique of differen-
tial dielectrophoretic classification of fibers in the airborne state
(Baron et al., 1994, 2002; Deye et al.,1999). The bulk fibers
were sieved and then aerosolized using an orbital motion flu-
idized bed. The fibers were humidified to make them sufficiently
conductive, neutralized using several 210pg sources, and intro-
duced into the classifier. The separation voltage was selected
so that the mean fiber length was approximately 24 pum and
the classifier resolution was reduced somewhat to increase the
throughput of classified fibers. This length was chosen to ensure
that virtually all the size-selected fibers would be too large to be
completely engulfed by rat macrophages. The dielectrophoresis
technique separates particles according to their length while air-
borne, so shorter fibers attached to longer fibers or agglomerates
consisting of shorter fibers are present as part of the classified
material. The diameter distributions of the two fiber preparations
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TABLE 1

Composition of the fiber types used in this study
Oxide NK HT

Si0, 54.06 37.0
Al O3 2.05 20.7
Na,O 17.17 4.1
K,O 0.83 0.6
B,03 15.66 —

CaO 7.50 18.3
MgO 1.80 10.7
Fe, 04 0.136 —

FeO 0.056 54
TiO, 0.082 14
MnO — 0.5
P,0s — 0.2

“Total iron reported as Fe,0Os.

thus produced are similar but not the same, with NK averaging
1.6 um compared to 1.2 um for HT and standard deviations
of 0.7 and 0.5 um, respectively. These differences in diameter
could influence how soon the fibers dissolve or break follow-
ing administration but are not expected to impact the clearance
mechanism, whether they dissolve or break.

The animals used in this study were Fischer 344 rats, which
were 43 to 55 days old and weighed an average of 120 g before
instillation. For the results reported in this article, equal aliquots
of the NK fiber suspension of 0.2 ml, containing 0.04 mg of
fibers (about 250,000 NK fibers and about 125,000 HT fibers),
were instilled into 6 animals. They were sacrificed at 2 h,1 day,
and 2, 5, 11, and 14 days after instillation. Aliquots of the HT
fiber suspension were instilled into 16 animals, 1 of which was
sacrificed at 2 h afterward, and 3 each at the other 5 times. The
lungs of each animal were excised and frozen. The 2-h sacrifice
was done to check that an adequate number of fibers had been
administered. The other sacrifice times were chosen to cover
the times when significant changes in fiber numbers in the lung
were expected based on previous biopersistence studies. Since
direct evidence of fiber breakage had not been observed before
and was the point of the study, three animals with HT fibers were
sacrificed at each chosen time, compared to one animal at each
time for NK.

An aliquot of the NK and HT fiber suspension was filtered
and prepared for scanning electron microscope (SEM) measure-
ment. The frozen lungs from each animal were thawed, low tem-
perature ashed for 48 h each, and the remains were suspended in
nanopure water and filtered onto 25-mm-diameter, 0.2-m pore
size mixed cellulose ester membrane filters. These were dried
and cut into wedges, and each wedge was cleared with acetone
vapor and mounted for light microscope (LM) measurements.

The fiber measurements of both SEM and LM mounted sam-
ples were carried out using the conventional end selection rules
for fiber counting (NIOSH, 1989; WHO, 1985) except that the
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fibers thus selected were not only counted, but their length and
diameter were measured. An attempt was made to measure at
least 100 fibers, but that number was not achieved for some sam-
ples that had very few fibers. In addition, the SEM initial aliquot
and some of the 1-day LM samples were separately measured
initially by a selection method that was approximately but not ex-
actly end selected. These initial measurements were done to get
an estimate of the numbers of fibers recovered to judge whether
this experiment was feasible.

The main results are reported as the percent of short fibers,
that is, fibers less than or equal to 15 pm in length, out of all the
fibers measured at that sacrifice time for that fiber type instilled.
In addition, the standard error of that percentage is reported,
which is estimated as the square root of the number of short
fibers observed divided by the total number of fibers measured,
as is appropriate for such Poisson distributed quantities.

Although this study was not designed for it, an effort was
made to estimate the number of long fibers remaining at each
sacrifice time for each fiber type. These results are reported as
the number of long fibers, just for this purpose defined as 20 um
or longer to be consistent with previous inhalation studies, per
milligram of dry lung, averaged over the number of samples
measured at that sacrifice time. Additionally, the standard error
of this average, or the standard deviation divided by the square
root of the number of samples, is also reported. When only one
sample was measured, then no standard error is available.

RESULTS

A useful check on the consistency of the fiber measurements
is to compare the percent of short fibers (15 m long or shorter)
as measured by the standard, end-selected method with the mea-
surements of the initial aliquot and 1-day samples done as an
initial scan of these samples, but not exactly by consistent end
selection rules. These are compared in Table 2, which shows the
percent, the standard error of this percent, and the total num-
ber of fibers measured in parentheses. The standard error limits
overlap in all cases. The main results of this experiment are
shown in Table 3. The NK fiber preparation began with about
20% short fibers and remained at that level for the entire 2 wk.
Some of the later sacrifices had large standard errors, because so
few fibers were found. The HT fiber began at 5% short fibers but
jumped to 50% or more short fibers by 2 days after instillation,
remaining there for the entire 2 wk studied. As with NK, some

TABLE 2
Percent of short fibers + standard error (total number of fibers)
measured in two cases independently

Time Method NK HT

Initial Standard 18 + 3 (256) 5+ 1(@251)
aliquot Nonstandard 28 + 8 (209) 742 (123)

One Standard 20 + 4 (122) 18 + 4 (133)
day Nonstandard 16 £5(62) 18 £4 (101)

TABLE 3
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Percent of short fibers 4 standard error (total number of fibers)
measured for each fiber type at each sacrifice time following

installation

Time NK HT
Initial 18 &+ 3 (256) 5+1@251)
2h 8 + 3 (100) 33 4+ 6 (100)
1 day 20 £ 4 (122) 18 +4 (133)
2 days 19 +£7 (42) 55 £ 17 (20)
5 days 26 £ 11 (23) 56 £ 6 (167)
11 days 25 + 11 (20) 60 + 6 (156)
14 days 9 + 3 (100) 55 + 9 (76)

later sacrifices of HT had large standard errors, because so few
fibers could be found. The average number of long fibers, just
for this purpose defined as fibers 20 um long or longer, remain-
ing per milligram of dry lung are shown in Figure 1 for each
fiber type at each sacrifice time, with error bars denoting the
standard error. Not shown in Figure 1 are the counts at 2 h after
instillation, which are off the scale at 313 long fibers/mg for NK
and 162/mg for HT. No standard error estimates are available for
the 2-h samples since only one sample was measured. For the
same reason, no standard error bars are given for the NK outlier
at 14 days. The reason for this outlier is unclear, since no fewer
fibers were counted for this sample than for many others (Ta-
ble 3). However, the number of fields scanned to find these fibers
amounted to less than 1 mg of dry lung for this sample, whereas
5 to 10 mg was searched for most other samples. It is clear
from Figure 1 that long fibers of the two types clear very rapidly
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FIG. 1. Average number of long fibers per mg dry lung recov-
ered for each fiber type and sacrifice time with standard error
bars. The NK and HT values are offset by a small amount hor-
izontally in opposite directions from the exact time in order to
show each clearly. Two values at 2 h (or 0.083 days) are off the
scale and are not shown: NK = 313 and HT = 162.
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and at about the same rate, reaching 50% of the 1-day level by
5 days.

DISCUSSION

The original intention for this experiment was to have a van-
ishingly small number of short fibers so that when any such short
fibers were observed, they could have come only from the break-
ing of long fibers. What length defines a short fiber depends
partly on the purpose and partly on what is achievable. Some
conventions consider the length limit to be 5 um (WHO, 1985),
because anything shorter is easily phagocytized. Other studies
(Bernstein et al., 1996) take the limit to be 20 wm, since any fiber
longer than this is unlikely to be subject to macrophage-mediated
physical clearance, at least in rats, but human macrophages are
somewhat larger (Zeidler-Erdely et al., 2006). For the present
purpose, then, the length limit reasonably could be anywhere
between 5 and 20 um. Since the NK preparation turned out to
have a significant number of fibers between 15 and 20 um long
by the time the instillation suspensions were prepared, 15 um
was chosen as the length less than or equal to which a fiber is
defined as a short fiber.

With this definition, the NK preparation had 18% short fibers
in the initial aliquot, more than desired, but still feasible. The HT
fiber preparation, on the other hand, had only 5% short fibers, a
much better proportion for this purpose.

The repeated measurements of the initial aliquot by SEM
and the 1 day lung samples by LM showed adequate agreement
(Table 2), even though they were done independently. This indi-
cates a certain robustness of the results. The initial aliquots were
measured by SEM and not by LM because the entire aliquot was
needed to make the SEM stub. It was decided to measure the lung
samples by LM so that more slide area could be covered more
quickly to find enough fibers. The higher available resolution of
SEM was not needed to measure these fiber lengths adequately,
and accurate diameter measurements were not needed.

Unambiguous evidence that long HT fibers are breaking in
large numbers is shown by the fact that the proportion of short
fibers jumps to about 50% within 2 days of instillation compared
to 5% initially (Table 3). That this breakage is a continuing
process is indicated by the fact that the proportion of short fibers
remains at the 50% level for the rest of the 2 wk observed. The
continuing large proportion of short fibers while the number of
long fibers in the lung is decreasing with time by a factor of 3
from 5 to 14 days (Figure 1) suggests that breakage is converting
the long fibers to short fibers, which in turn are efficiently cleared
by macrophage action.

In contrast, the proportion of short NK fibers is essentially
unchanged at about 20% throughout the study. Thus there is
no evidence of long fibers breaking, although a small amount of
long fiber breakage would not be observed in the presence of the
initial 18% short fibers. Clearly, the extent of breakage observed
for HT does not happen with NK, or else it would be observable
even with the comparatively large initial short fiber fraction.

W. EASTES ET AL.

The lack of observable fiber breakage in the NK fibers is
consistent with the finding (Eastes & Hadley, 2000) that the dis-
solution rate of these fibers measured in vitro at near neutral
pH is sufficient to explain the long fiber clearance rate follow-
ing inhalation or intratracheal instillation. It is likely that some
breakage of NK fibers happens near the end of their dissolu-
tion, given that the lung environment is not homogeneous, but
breakage is not the mechanism that clears significant numbers
of these fibers.

The in vitro measured dissolution rate of HT fibers at neu-
tral pH is too small to explain the observed rapid clearance of
long HT fibers following inhalation (Eastes et al., 2000), but
they do dissolve very rapidly at acid pH (Knudsen et al., 1996).
Since some phagocytic cells are known to generate quite acid
pH within the phagolysosomes (Nyberg et al., 1991) or at their
surfaces where they attach to objects too big to engulf (Ether-
ington et al., 1981), it is likely that this acid attack dissolves HT
fibers at certain points, causing them to break. The dissolution
rate of HT fibers measured in vitro (Knudsen et al., 1996) is
sufficient to dissolve through the fibers in the 2 days after which
extensive breakage was observed (Table 3). The apparent in-
crease in the fraction of short fibers at 2 h compared to the initial
aliquot is more likely caused by breakage in sample handling
than by phagocyte action. The breakage process appears to be
continuous while long fibers are present, rapidly removing them.
No doubt, the NK fibers are subjected to the same phagocytic
action, but since they do not dissolve rapidly at acid pH, they
do not break. The question is still open about whether different
surface compositions of vitreous mineral fibers can induce dif-
ferent phagocytic responses in the lung (Baier et al., 2000) in
a manner similar to that demonstrated by Carter and coworkers
(Carter et al, 2000) for particulate matter in a related live-chick
membranous model system.

Thus it would appear that at least two different dissolution
mechanisms are available to clear long fibers. If the fibers dis-
solve readily in the near neutral lung fluid as with NK and several
other vitreous fiber types, then they dissolve more or less uni-
formly. If they dissolve readily in acid solution, as with HT, then
phagocyte attack breaks them into short fibers readily cleared
by macrophage physical action. For these two particular fiber
compositions, HT and NK, the two mechanisms happen to clear
them equally rapidly. Future investigations can reveal the func-
tional dependence of the actual phagocytic mechanisms that may
be modulated by particular fiber compositions, as a useful step
toward employment of fiber glass compositions in tissue engi-
neering (DeDeigo et al., 2000).
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