ACTA ORTHOPAEDICA SCANDINAVICA
SUPPLEMENTUM NoO. 134

From the Departments of Surgery and Orthopedics
University Hospital, Uppsala

INTRAMEDULLARY NAILING
AFTER REAMING

An investigation on the healing process
in osteotomized rabbit tibias

By
GORAN DANCKWARDT-LILLIESTROM
GIAN LORENZO LORENZI*

and
SVEN OLERUD

MUNKSGAARD

Copenhagen 1970
* Ass. Professor, Visiting Guest from the Clinic of Orthopedics and Traumatology,
University of Turin, Italy



Translated by Maud Marsden

This work was supported by grants
from the Swedish Medical Research Council.

B 68 -17X-2026-3: S. Olerud and G. Danckwardt-Lilliestrom
B 69 -17X-2026-4: S. Olerud and G. Danckwardt-Lilliestrém
B 70 17R-2050: S. Olerud

ISBN 87 1o 00181 &

Printed in ltaly by ~~Monogral™ - Bologna - Maggio 1970



CONTENTS

Introduction. .

Literature Review .
Blood supply of the dlaphyseal bone on nallmg
Periosteal bone reaction after nailing. . .
Reaming of the medullary cavity
Fracture stability on nailing .
Fracture stability and healing pattern.

Nailing and reaming in relation to fat embollsm .

Material and Methods . .
Premises . .
Material . .
Methods . . . Coe
Operative procedure . . .
Recording methods

Results . . ..
Remarks on the operatlve procedure ..
Postoperative complications . .
Geneéral body reaction to operation
Local reactions. . . . . . . . .
Roentgenological findings . . . . .

Microscopical observations R
Vascularity and rebuilding of cortex. ..
Periosteal bone formation
[ntramedullary reaction. .
The nail and the bone formatlon .
Osteotomy line .

Discussion
Conclusions . .

Bibliography

. page

»

»
»
»
»
»

»
»
»
»
»
»

»
»
»
»
»
»

»
»
»
»
»
»

»

»






FOREWORD

Medullary nailing is used throughout the world in all technically
advanced countries. This method has defended its position extremely
well through thirty years of experience and its_use is increasing all
the time. From the manufacturers we know that millions of these
« medullary rods » have been sold.

The strength of the nail depends on its diameter. It increases with

-about the 4th potential of the transverse measurement. The medullary
cavity is frequently too narrow to allow the introduction of a me-
dullary nail of sufficient weight-bearing capacity. Not until the method
of widening the bone canal with long drills was used, was it possible
to produce a mechanically stable intramedullary osteosynthesis.

Since 1950 many surgeons engaged in traumatology, including
members of the Swiss Arbeitsgemeinschaft fiir Osteosynthesefragen
(A.O.), have used this technique. However, in many countries, for
example U.S.A., the method is strongly opposed on the basis that it
can cause considerable injury. Strangely enough nor one single experi-
mental investigation has been published on this extremely important
question of reaming and nailing, in spite of the fact that this method
has been used clinically for more than twenty years. The authors,
S. Olerud, G. L. Lorenzi and G. Dankwardt-Lilliestrom, deserve great
merit for the present research work and we owe them appreciation
for penetrating the problem in such an extensive, precise and tho-
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INTRODUCTION

From the mechanical point of view it is of obvious advantage, as
many surgeons realise, to treat certain diaphyseal fractures by the
intramedullary nailing method. In earlier years, several different
authors advocated various techniques of intramedullary fixation (Lam-
bott 1913, Hey Groves 1918, Rush & Rush 1937). The method of
Kiintscher, however, has had the greatest success, and nowadays
intramedullary nailing is generally linked with his name. It was in
1939 at a meeting of the Medical Society of Kiel that Kiintscher first
presented his concept of this procedure and introduced the spring-
acting clover leaf shaped nail.

Eleven years later, in 1950, Kiintscher proposed an important mo-
dification of this original method by introducing reaming of the me-
dullary cavity. This meant that large contact surfaces between the
nail and the inner cortex could be obtained, permitting the use of
bigger and stronger nails. The size of the reamer used could also_
serve as a guide as to the most suitable diameter of the nail, and the
risk of the nail getting locked was eliminated. Increased stability added
to the value of this method and extended its use. The Kiintscher type
of intramedullary nailing, both with open and closed techniques and
with different characteristics of the nail (Uffreduzzi 1942, Kaessman
1966, Weseley 1968, Schneider 1968), is still gaining increasing interest
all over the world, 30 years after its introduction.

The principles of Kiintscher-nailing are largely known and have
often been emphasized by other authors, including Lorenz and Jorg
Bohler. It seems surprising, however, that intramedullary nailing with
reaming of the medullary cavity, which, though technically more
extensive, is more stable and more efficient from the mechanical point
of view, has not been more generally accepted by orthopaedic surgeons.
But we consider that this relatively new idea, of reaming of the me-
dullary canal, deserves deeper research in the experimental field.
Danckwardt-Lilliestrom (19694) found, on reaming, that marrow from
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the cavity easily caused blockage of the intracortical circulation. The
effect of this on fracture healing after nailing is not known. The
healing pattern, especially the peripheral bone reaction, seems at
times to be contradictory-—in spite of complete stability a large amount
of callus formation is sometimes seen.

Our interest in the Kiintscher nailing method inspired us to the
present experimental studies. Although we realise that results from
investigations on rabbits cannot be referred directly to man, our
findings will make us more aware of the problems involved when we
face clinical decisions.

There are still many unsolved problems concerning intramedullary
nailing, and we hope that with this work we can give some answers
to the following questions:

1. What kind and grade of damage do osteotomy and nailing produce
in the cortical bone when the medullary cavity has been reamed?

2. How is revascularization of the cortical bone accomplished with
a stable nail well fitting the marrow cavity?

3. How does the periosteal bone formation behave under these con-
ditions?

4. How does repair take place in the fracture gap under these con-
ditions?



LITERATURE REVIEW

Since 1940, after publication of Kiintscher’s first reports, nail-
ing of shaft fractures has become an accepted method of internal
fixation. Although nailing had been tried by several surgeons earlier,
it was the principles of Kiintscher which made it practically accept-
able. His development of the method in 1950 by the reaming pro-

. cedure must be considered very important, because of the possibility
of primary weight bearing. During recent years, though very slowly,
this change in the method has been accepted increasingly by many
surgeons.

Although several studies have been published concerning the pro-
blem of nailing in different long bones of various animals, no report
appears to have been made dealing with the problems arising on
fracture treatment with true reaming of the medullary cavity including
the inner part of the cortex. The reaming procedure involves complete
destruction of the medullary circulation and gives rise to new pro-
blems regarding the blood supply to the bone as a whole and to the
fracture site in particular.

The literature concerning these problems deals with such differ-
ent and well defined questions that they can be suitably divided as
follows:

1. Blood supply of the diaphyseal bone on nailing.
2. Periosteal bone reaction after nailing.
3. Reaming of the medullary cavity.
4. Fracture stability on nailing.
5. Fracture stability and healing pattern.
6. Nailing and reaming in relation to fat embolism.
. BLOOD SUPPLY OF THE DIAPHYSEAL BONE ON NAILING
As pointed out by several authors in the last 15 years. the blood
supply of the shaft of long bones comprises three systems: 1. Peri-
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osteal vessels, 2. Nutrient arteries, 3. Metaphyseal vessels. The im-
portance ascribed to these different pathways has varied.

Trueta and Cavadias (1964), in a study of the blood supply of long
bones, arrived at the conclusion that (under their experimental con-
ditions) the periosteal vessels were able to nourish only the outer
third of the cortex. The same authors had stated in 1955 that the
nutrient artery was normally responsible for the blood supply to the
largest part of the cortex. De Marneffe (1951 and 1953) considered
the proximal third of the tibia to be supplied mostly from the marrow
canal. The distal third got its blood supply mostly from periosteal
vessels and the middle third from both sources.

Brooks and Harrison (1957) believed that, perhaps because of the
connection between the two systems, the circulation of the cortex
would not be severely affected by suppression of one of the two
systems (Koeckenberg 1963, Rhinelander 1968).

The damage that nailing of a long bone can produce in the me-
dullary vascular system has been widely studied.

Trueta and Cavadias (1955), who were the first to study the small
vessels in experimental nailed fractures, found, on microangiography,
that even if part of the nutrient artery could escape damage, numerous
branches were destroyed by the nail. In Géthman’s experiments (1960a)
with nailing alone, the arterial system was less severely damaged.
When nailing was combined with fracture, he found more extensive
damage to the intramedullary vessels (1960c¢).

The avascularity in the cortex that can sometimes result from nail-
ing is obviously the reason for the cortical necrosis that some authors,
e.g. Trueta and Cavadias, have shown to be very extensive and' to
persist partly even 8 months after the surgical procedure.

The inner avascular cortex, together with still viable bone, will
undergo more or less extensive resorption and rebuilding activity,
with formation of cavities. This rebuilding process has been described
in recent literature by Koeckenberg (1963), Trueta & Cavadias (1964),
Richany et al. (1965), Johnson (1966) and Danckwardt-Lilliestrom
(19696b).

2. PERIOSTEAL BONE REACTION AFTER NAILING

The extensive periosteal bone formation so frequently observed by
different authors, both clinically and under experimental conditions.
has been given various explanations.

Kintscher (19406-1941) considered that callus was formed as a



normal phlogistic response to the injury. Griessman (1944), Silani &
Amanta (1949) and Maatz (1951) described in a clinical study the new
bone formation all along the diaphysis. Their respective explanations
were: the result of chemical or physical irritation, pressure of the nail
against the bone, and vascular damage.

Trueta and Cavadias (1955) considered bone marrow ischaemia
as a cause of the periosteal bone proliferation.

Gothman (196056), in rabbits, found only an occasional profuse
periosteal vascular reaction, and this was not accompanied by any
new bone formation.

Koeckenberg (1963), like Trueta, considers that it may be due to
damage to the intramedullary vessels.

Mital & Cohen (1966), in a study on rats, found that only with
maximal injury in the medullary cavity was there any significant sub-
- periosteal bone deposition.

Richany et al. (1965), in an investigation on cat femurs, destroyed
the medullary cavity by introducing a pin into the canal. With further
brushing and flushing the cavity was cleaned. In these experiments
he found marked periosteal bone formation which he considered to
be due to stasis in the periosteal vessels and oedema resulting from
destruction of the medullary venous system. He remarked that the
picture resembled that in hypertrophic pulmonary osteoarthropathy.

Zucman et al. (1968) and Danckwardt-Lilliestrom (1969¢) also
observed periosteal bone formation, but because of their particular
experimental conditions and of their original observations, their find-
ings will be discussed under the next heading.

3. REAMING OF THE MEDULLARY CAVITY

Zucman et al (1968) destroyed the marrow tissue in the medullary
cavity with a reamer in experiments on the rabbit tibia. He gave a
very clear description of the occurrence of bone marrow fragments
under the periosteal layer during the reaming, and named this « me-
dullo hematoma ».

Zucman considered that bone marrow, pressed through the cortical
channels to the subperiosteal space, played an important role as a
bone marrow auto-transplant in promoting callus formation.

One of the present authors (Danckwardt-Lilliestrom, 1967 and
1969¢) has also studied problems arising from reaming of the medullary
canal. Differently from Zucman et al.. but also in the rabbit tibia.
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he reamed in addition the inner part of the cortex, in an attempt to
reproduce the same conditions as found in clinical practice.

Danckwardt-Lilliestrom (19694, 1969¢) confirmed the finding of
Zucman of a subperiosteal « medullo hematoma », but he also demon-
strated the intracortical and subperiosteal pathways of bone marrow
by lipid staining methods.

Danckwardt-Lilliestrom (1969¢) studied the correlation between
periosteal bone formation and cortical avascularity. He showed that
this was due to massive embolism of intracortical canals by bone
marrow and fat.

The extent of the intracortical fat embolism and consequently of
bone avascularity, is dependent upon the way in which the reaming
is performed.

Danckwardt-Lilliestrom’s studies (1969¢) of the pressure in the
medullary cavity during reaming of the rabbit tibia revealed wide
variations from the normal value (30 mm Hg). With vigorous reaming,
values up to 300 mm Hg could easily be obtained in the positive field.
Negative values of about 100 mm Hg were recorded during withdrawal
of the reamer.

It can be expected that reaming of a closed system such as the
bone marrow cavity will result in such pressure changes.

The high pressure can easily explain the intracortical and sub-
periosteal presence of fat observed by Danckwardt-Lilliestrdm (1969¢)
and Zucman et al. (1968), respectively.

We have demonstrated that as a consequence of reaming of the
rabbit tibia, marrow fat particles can very easily appear in the femoral
vein (Olerud et al. 1969).

4, FRACTURE STABILITY ON NAILING

The aim of fracture treatment with intramedullary fixation has
changed during the last few decades.

In previous years the only intention was to maintain the axial
direction of the shaft fragments (Uffreduzzi 1942), and this always
required further fixation with a plaster case. In time, however, this
view altered, and more rigid stability with the avoidance of any com-
plementary fixation became the main goal. Andersson (1962 and 1965)
describes the two types of nails involved as « loose-fitting » and « tight-
fitting ». We consider that in most cases the Rush pin method (1949)
belongs to the loose-fitting type. The same is true of the Kirschner
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pin (Landelius 1951), which was used extensively some years ago in
the treatment of some diaphyseal fractures.

Satisfactory intramedullary fixation can be obtained by using a
fascicle of metal pins (Hackethar 1961), with which the medullary
cavity is filled completely. '

In 1940 Kiintscher developed a new nail, which in the transverse
section worked as a spring. The aim was to obtain a nail which com-
pletely fitted the marrow canal. Kiintscher found that much more
stability was achieved by transforming the hour-glass shape of the
medullary cavity into a cylindrical shape by reaming the inner cortex
and using a wider and stronger nail (1950); at the same time the
number of fractures that could be treated by this method increased.

Kaessman (1966 and 1969) describes a nail with still greater stabi-
lizing properties especially concerning the rotatory forces, and with
-which compression can be applied to the fracture site.

Similar devices have also been described by Fitzgerald (1966) and
Vinditti and Benini (1962).

Experimental studies of loose-fitting nails have been made by Goth-
man (1961), Gustilo et al. (1964) and Rhinelander et al. (1967). Anders-
son (1965) compared the healing of experimental osteotomies in dogs
with loose-fitting and tight-fitting nails. Also Varma and Metha (1967)
observed differences in healing between loose and tight fitting nails.

5. FRACTURE STABILITY AND HEALING PATTERN

Since 1949, when Danis first proposed his compression plates,
many authors have devoted their attention to problems of stability
in the-healing of fractures (Friedenberg et al. 1952, Yamagishi et al.
1955, Bagby et al. 1958 and Petrokof 1962).

After the first reports from the AO-group with the paper of Schenck
and Willenegger (1963), interest in this particular problem of osteo-
synthesis became intense and gave rise to considerable experimental
and clinical research.

Schenck & Willenegger (1963 and 1965), after stable compression
plating of osteotomized dog radii, observed secondary osteones crossing
the closely adapted fracture line. They considered this an ideal form
of bone healing (1967).

Geiser (1963), on the contrary, considered that the cortical fracture
ends became rebuilt by « creeping substitution » from the endosteal
and periosteal sides. The same conclusion was drawn by Andersson
(1963) and Rhinelander et al. (1967).



Two of the present authors, Olerud and Danckwardt-Lilliestrém
(1968 and 1970) also found the primary bone healing described by
Schenk et al. possible in fractures fixed with compression plates in the
dog tibia. This pattern of healing was only considered feasible with
absolute contact of the fracture ends, where there was no room for
transverse bone formation in the gap. In clinical practice it would
therefore seem almost exceptional, according to these authors.

In those cases where there is a small fracture gap, the orientation
of the new lamellar bone will initially be transverse. Later, it will
assume a longitudinal direction as a result of the formation of longi-
tudinal, secondary osteones traversing the fracture area.

The healing of a fracture treated with a loose-fitting nail, as studied
experimentally by Gothman (1961), Andersson (1965) and Rhine-
lander et al. (1967), is usually delayed in comparison with tight-fitting
nails, owing to severe necrosis of the fracture ends, with frequent non-
union and an abundant formation of cartilage. Similar findings have
been made by many other authors under almost similar experimental
conditions (Silani et al. 1949, Trueta and Cavadias 1955, Koecken-
berg 1963, among others).

Andersson (1965) planned his experiments with the purpose of
comparing the healing of a fracture under the different conditions
created by treatment with a loose-fitting and a fully-fitting nail. With
the latter type of nail he noted more rapid healing with smaller areas
of necrosis, only an occasional occurrence of cartilage and frequent
direct bone formation.

Trueta et al. (1955) probably also obtained very stable fixation in
many cases in his studies of intramedullary nailing of the rabbit radius,
and in these cases, as is evident by his photographs, he always ob-
tained the same results as Andersson. The choice of the radius for
the osteotomy obviously ensured good stability because of the integrity
of the ulna and the special connections between these two bones in
the rabbit.

As far as clinical experience is concerned, Kiintscher (1950) con-
sidered that the more stability that could be obtained the better healing
would be achieved. Reaming of the canal before nailing, to make
possible the use of a stronger nail, therefore seemed to him logical.

NAILING AND REAMING IN RELATION TO FAT EMBOLISM

Heavy trauma, especially when resulting in fractures, always causes
emboli of marrow fat in the lungs (Backer-Grondahl 1911, Lehman
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FiG. 2. - Bone marrow appearing in the transparent catheter connected to the
femoral vein during reaming.



& Mc Nattin 1928, Grant & Reeve 1951). The liberation of fat in
this way, and the biochemical and enzymatic effects of the traumatized
fat tissue, which give the clinical entity of fat embolism, have been
interpreted in different ways by different authors (Peltier 1956, Bergentz

Fi1G. 3. - Fat supernatant seen as white flecks after centrifugation of blood col-
lected from the femoral vein. Note also the fat deposits on the walls of the test
tube (to the right).

1961, Wehner 1968, Kerstell 1969, Saldeen 1969). It is conceivable
that a large marrow embolus in the lungs might directly diminish the
pulmonary circulation with a fatal outcome.

Kerstell found, in experimental fractures in dogs followed by retro-
vrade flushing of the lungs, that pulmonary fat embobi consisted only
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of tissue fat and no plasma fat component. Kiintscher is certainly
aware of the risk of embolism and advocates very careful hammering
of the intramedullary nail. Hackethal (1961) considers that the use
of a tourniquet is always extremely important for the avoidance of

A

FIG. 4. - May Griinvald-Giemsa staining of biood smear. Marrow conglomer-
ates in the peripheral blood.

fat emboli with the Biindelnagelungmethod. Peltier (1956) found a
tourniquet useful in preventing fat emboli in orthopedic surgery.

Palmer (1951) and Bohler (1968) suggest that nailing should be
avoided in all cases with signs of the fat embolism syndrome. so
as not to develop it further.



Lange (1954) and Lechner and Schuster (1963) reported fatal cases,
as also did Morl (1967), who described 9 cases of fat embolism among
17 deaths out of 452 patients subjected to intramedullary nailing.
Rokkanin et al. (1969) found cases of fat embolism, verified histo-
logically by skin biopsies, among 116 cases of medullary nailing.

On reaming in clinical work Wehner (1968) observed a remarkable
pressure rise in the medullary cavity.

On reaming under experimental conditions, Danckwardt-Lilliestrom
(1969a-c¢) observed fat emboli caused by increased intramedullary
pressure within the intracortical canals as well as in pulmonary tissue
(Fig. D).

Zucman (1968) describes the superiosteal medullo-hematoma after
reaming of the medullary cavity.

On cannulating the femoral vein, Olerud et al. (1969) observed
marrow tissue components in blood samples during a reaming pro-
cedure (Figs. 2, 3 and 4).
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MATERIAL AND METHODS

PREMISES

The studies of Danckwardt-Lilliestrom (1969a-c) mentioned above,
with reaming of the rabbit tibia, showed that large areas of avascular
cortex were produced, with considerable variation between different
animals. The reason for this was found to be that marrow particles
liberated by mechanical forces were pressed into the cortical canal due
to an increase in intramedullary pressure which was produced during

- the reaming procedure, causing embolism and blockage of the cortical
circulation (Fig. 5) and subperiosteal fat deposition (Fig. 6). In the
following this investigation is referred to as experiment NS (Exp. NS).

In order to avoid such a pressure increase and to reduce the extent
of marrow embolism, the medullary contents were evacuated by suction
before and during the reaming through a drill-hole made in the ventral
part of the distal tibial metaphysis (Danckwardt-Lilliestrom et al.,

Fig. 5. - Fat stained material filling the intracortical canals.
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1970). Under these conditions, in the following referred to as experi-
ment S (Exp. S), the extent of intracortical avascularity, studied with
Indian Ink microangiography on transverse tibial sections, was signif-
icantly smaller. A comparison was made between the findings in the
two different experiments and the results are presented in Table 1.

FiG. 6. - Fat stained transverse section. Intracortical and subperiosteal fat is
separating the periosteum from the cortex.

The table gives the mean value and the standard difference for
the percentage of avascular cortex in the two experimental groups
after observation times of one to eight weeks. The difference between
the values for the two series is also given for the different observation
times. The degree of significance is denoted by asterisks.
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TABLE L

Mean values, with standard deviations, of percentage of avascular cortex (PAC )

in groups NS (non-suction group) and S ( suction group), and also the differences

in PAC between the groups, and their significance. The table also shows the num-
ber of animals in the respective groups.

‘ i -
Obs. Group NS Group § Difference
: ‘ NS —S
— Do e
time | No. of ' P£ ‘ No. of'k PAC Y " r-value
weeks | animals | pf ' 4 sp animals' g ﬁ £ SD !
— I . B . . o . | .o .
| ‘ ‘ 1 |
1 T 21.5 i 1568 ! 5 i6.2 ‘ 3.40 15.3 “ 322 **
2 | 15 ! 20.7 ‘ 14.33 | 5 s | 1.95 17.6 | 3.54 **
4 14 | 161 | 1250 | 2 1.6 | 0.79 154 | 4.33***

The table shows that the standard difference was very high in
Exp. NS and very low in Exp. S. The figures for Exp. S show that
revascularization took place between the second and fourth weeks.
This process was completed more quickly in Exp. S than in Exp. NS.
In the latter experiment similar values for revascularization were not
attained until after eight weeks.

The investigation described above thus showed important differ-
ences within the cortical circulation between Exp. NS and Exp. S.
In view of this finding it was considered important for the present
investigation to distinguish between rabbits in which reaming was per-
formed without previous evacuation of marrow tissue (Group NS)
and those in which evacuation of marrow tissue preceded the reaming
(Group S). In all the latter cases the reaming was performed with the
utmost care and with continuous suction,

With these premises as a basis we started our experimental model.

MATERIAL

The investigation was carried out on 134 male and non-pregnant
female albino rabbits, 7-8 months old and weighing 2.7-3.2 kg, with
a mean weight of 3.00 kg. Experience had shown this size of rabbit
to be ideal because of the thickness of the cortex and the width of
the marrow cavity.

Our study concerned mainly the conditions of ideal healing of a
stable osteotomy after reaming and nailing. For various reasons 86
of the 134 rabbits operated on had to be excluded from the main study,
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and therefore only 48 comprise the main material upon which the
results are based.

The reasons for exclusion of the 86 rabbits will be discussed below
under « Remarks on Operative Procedure » (Page 25) and « Post-
operative complications » (Page 25).

The main material was grouped as follows:

Group S: Osteotomy and nailing after reaming during suction of
the marrow cavity. This group consisted of 33 animals
and was subdivided into 9 groups with observation times
between 1 and 16 weeks.

Group NS: Osteotomy and nailing after reaming without suction.
This group consisted of 15 rabbits, subdivided into 6
groups with observation times between 2 and 16 weeks.

The grouping and subgrouping of the 38 animals can be seen in
Table 1I.
METHODS

After weighing, the rabbits were anaesthetized with Nembutal
diluted in physiological saline in the proportion of 1:1; 1 ml of this

FiGg. 7. - The rabbit’s leg fixed on the special sledge.
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solution (= approx. 30 mg Nembutal) per kg of body weight was
injected into one aural vein and the needle was left in place for further
maintenance doses during surgery if required. The animal was then
fixed in position on a special sled-shaped operation table, as illus-
trated in Fig. 7.

TasLe II.
: Mean weight of  Change in weight at the
Observation ' Number of each group end of observation time-
time in weeks animals before nailing mean value for each
| (gram) | group (gram)
s ' Ns . s | Ns s NS | S NS
! - . | S
1 — 4 — 2700 — | 3% —
2 — 5 — 3100 — 00 —
— 2 o 2 — 3200 — 00
3 — 4 — 3100 - 100 —
4 — | 4 — 2900 — 200 —
— 4 — .3 — 3300 — 300
6 — 3 l — 2800 — 270 —
—_ 6 { — 2 — 3100 — 140
8 - 3 = 2900 — 270 —
10 — 4 ** i 3000 — 950 —
— 1 | = 3 —_ 3200 — 550
3 . — '3 - 3100 - 100 —
— 13 — 4* —_ 2800 — 400
16 -— | 3* — 2700 — 1000 —
R N I — | 2800 — (1500)
Total number | Variation range
33 415 =48 2500-3600

S = medullary cavity suctioned.
NS - medullary cavity not suctioned.

The fur was cut away and the skin cleaned and disinfected with
antiseptic alcoholic solution. A curved incision was made, with a
medial concavity extending from the upper part of the knee to the
most distal part of the tibia. in this way exposing the entire anterior
aspect of the tibia and the patellar ligament.
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Operative procedure

Group S (Evacuation of marrow before and during reaming).

Using a drill 0.5 mm in diameter, a hole was made through the
anterior aspect of the distal cortex in the tibia. A plastic transparent
catheter with an inner diameter of 0.4 mm, connected to a suction
apparatus was then inserted through the hole into the medullary
cavity (Fig. 8a). During suction the catheter was repeatedly pushed
up to the upper metaphysis, and at the same time physiological saline
was poured over the distal hole. When no more bone marrow was

Fig. 8. - a) Suction through a catheter in the distal hole. b) Suction when reaming.
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seen to be sucked through the transparent catheter, this was again
pushed up as far as possible and left there (Fig. 8b).

The patellar ligament was then divided longitudinally, and the
precondylar space of the upper tibial epiphysis was exposed. A quad-
rangular awl was then inserted manually below the patellar ligament,
through the metaphysis and into the upper end of the marrow cavity
where the tip of the catheter was located.

Group NS (Direct reaming).

The same approach was made to the medullary cavity through the
proximal tibia as in group S. No distal hole was made and no suction
of the medullary cavity was performed prior to reaming.
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Reaming was then done in the same way in both experimental
groups through the proximal hole, using ball reamers for dental surgery
of diameters increasing from 1.3 mm to 3.7 mm. (For further details
of the reaming technique, see Danckwardt-Lilliestrom 1969c). The
reamers were specially adapted and firmly mounted on a special steel
spring shaft, 0.3 mm smaller in diameter than the reamer (Fig. 9).
They were connected via a Jacob’s chuck to an electric motor with a
rotation rate of 300 r.p.m. The internal diameter of the marrow canal
varies greatly in different animals even when they are of the same
body weight and size.

After the first bone had been removed, two further reamers were
used, of diameters increasing by 0.1 and 0.3 mm. This was done in
an attempt to obtain as identical experimental conditions as possible.

In this way the amount of cortical bone removed by reaming was
estimated to correspond to about 89, of the total bone surface (in
the transverse section and the middle third of the tibia).

During the reaming procedure it was common in group NS to
find the formation of a medullo-hematoma in the layer between the
bone and the intact periosteum, as described by Zucman et al. (1968)
and by Danckwardt-Lillistrom (1969c). This subperiosteal medullo-
hematoma, in which Danckwardt-Lilliestrém observed large amounts
of fat, can occur almost anywhere around the tibia, but is more
extensive just outside the openings for the nutrient arteries and emis-
sary veins in the posterior, fibular part of the tibia.

Always during suction in group S, washing of the medullary canal
was accomplished by pouring physiological saline through the upper
precondylar hole, while the catheter was withdrawn to the level of
the distal hole in the tibia but not taken out. This procedure with the
catheter was also carried out during reaming. In fact, all reaming in
this group was done with a negative pressure in front of the reamer head.

With this technique temperature increases produced by the reamer
were also avoided. No medullo-hematomas were ever seen in group S.

After reaming, the periosteum was divided transversally 0.5cm
distal to the tibio-fibular junction, leaving untouched only the anterior
part covering the tibial crest, which was separated finally during the
osteotomy.

The osteotomy was performed at the same level with a goldsmith
saw, the blade of which was 200 p. thick. To avoid rotation the osteo-
tomy had to be done in the form of a curve with the convexity directed
upward like a « dome ». During sawing, the bone was always kept
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moistened with physiological saline, and great care was taken to avoid
as far as possible any damage or stripping of the periosteum.
The nail was especially made from V.4.A. stainless steel (AISI 316).
It was constructed as a compression nail for stability reasons (Fig. 9).
The nail had to be designed in such a way as to satisfy the following
conditions:

a) The curved shape of the rabbit’s tibia and the need for a certain
degree of elasticity demanded that the nail be constructed in three
different pieces.

b) The need for a nail which would completely fit the reamed cavity,
at least at the fracture site, demanded a large cylindrical inter-
mediate section with a diameter 100 w smaller than that of the
last-used reamer. Nails with different intermediate diameters were
thus used in different animals.

¢) The high rotatory forces in the rabbit’s leg demanded that the
curved dome shaped osteotomy should be stabilized with com-
pression.

The osteotomy stumps were then apposed and the nail was inserted
from the upper prespinal epiphyseal hole, with careful hammering on
its head.

When the thicker part of the nail had engaged and fixed the osteo-
tomy line, in group NS a hole was made 2-2.5 cm distal to the osteo-
tomy line in the anterior aspect of the tibia. )

Through this hole, and in that already existing in group S, it was
possible to see the location of the end of the nail during hammering.
A short pin was then passed through the cortical hole and through
the distal hole in the nail and drilled into the posterior distal cortex
of the tibia to fix and stabilize the nail.

The upper threaded head of the nail was then adjusted beside the
patellar ligament and close to the epiphyseal plate. The nut at the
top of the nail was tightened until complete stability was observed
in the osteotomy line under intentional stresses.

The distal transverse pin was cut at the level of the outer cortex
with a pair of steel scissors.

The patellar ligament was then sutured with single silk sutures.
Only one suture was used for the tibial fascia. The skin was sewn
with a continuous silk suture.

No dressings were applied to the wound, apart from a double layer
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of plastic spray. In no case was plaster applied, nor any prophyl-
actic antibiotic treatment given.

Recording methods

With special « Cristallite » Kodak X-ray film, roentgenograms were
usually taken immediately after surgery and again at the end of the
experiment after killing of the animal but before removal of the nail.
Roentgenograms were also taken in most cases after removal of the
nail. Only in the long term experiments were intermediate films taken,
in order to check from time to time the healing of the osteotomy, the
stability of the nail and the conditions of the bone. In all animals,
at different times during the observation period, triple fluorochrome
labelling was performed with Tetracycline, Hematoporphyrine and
DCA Fluorescein, using the technique described elsewhere (Olerud
and Lorenzi 1969 and 1970).

As shown in Table III, which gives the times of administration
of the fluorochromes, the labelling of the newly formed bone covered
28 out of a total of 70 days of observation. At the end of the obser-
vation time the animals were anaesthetized again as described pre-
viously, and through a longitudinal midline laparotomy incision the
abdominal aorta was exposed. This was cannulated with a plastic
catheter 0.5 mm in diameter. Indian ink infusion was then performed

TaBLE 1II.

Labelling code (L.C.) according to which the rabbits were labelled with Tetracycline,
Hematoporphyrin and DCAF [(N, N' di) carbomethyl, aminoethyl fluorescene] re-

spectively.
Observation Labelling day after the operative procedure
time in weeks )

Tetracycline Haematoporphyrin DCAF

I 1 f 4 7

2 6 i 10 14

3 10 1 15 2l

4 16 2 ‘ 28

6 26 34 4

8 36 46 56

10 46 58 70

13 47 69 91

16 52 o e
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according to the technique described previously (Danckwardt-Lillie-
strom 1969 c).

The treated left leg and the right leg were then removed and im-
mediately deep-frozen. The greater part of the soft tissues was then
removed without disturbing the periosteum, and the nail was with-
drawn. The proximal and distal epiphyses were cut away and the
specimens were freeze-dried until a constant weight was obtained
(usually 3 days). Sections were then prepared by three different pro-
cesses for examination:

1. Formalin fixation, nitric acid decalcification. Paraffin embedding,
sectioning and preparation by the Spalteholz (1911) process for
observation in a three-dimensional microscope.

2. Formalin fixation, nitric acid decalcification. (Paraffin embedding,
sectioning and staining with the Masson technique.) Parts of the
preparation were cut as frozen sections and stained with Sudan IIT
and hematoxylin.

3. Methacrylate embedding. Sawing in longitudinal and transverse
sections 0.5 mm thick, and grinding of these sections down to a thick-
ness of between 20 and 60 p for fluorescent light observation ac-
cording to the technique described elsewhere (Olerud and Lorenzi
1969). To these undecalcified slide sections, the Goldner staining
technique was also applied.

The undecalcified ground sections were also studied with polarlzed
light as well as by a microradiographic technique.
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RESULTS

REMARKS ON THE OPERATIVE PROCEDURE

Of the total 134 rabbits operated on, 6 died under anaesthesia,
(no pulmonary biopsies were taken in these cases).

Forty animals were needed for trial operations to obtain the most
suitable level and shape of the osteotomy. A curved osteotomy line
was used to prevent rotation, which otherwise easily occurred. Owing
to the tendency of the concave surface to become fractured, the con-
cavity was made on the proximal fragment, which was mechanically
stronger than the distal one, partly because of the greater extent of
reaming in the distal fragment.

A level just below the tibio-fibular synostosis was chosen for the
osteotomy. In this area the inner layer of cortex was always reamed,
and therefore the nail always fit closely in both fragments.

Owing to longitudinal infractions in 7 rabbits, occurring in the
proximal segment of the tibia during compression, a cerclage wire
was added in these cases (5 in group S and 2 in group NS). No dif-
ference was observed in the healing pattern in these animals in com-
parison with the remainder. These 7 animals were therefore included
in the main material.

POSTOPERATIVE COMPLICATIONS

Fifteen rabbits sustained secondary fractures, mostly longitudinal
in the upper part of the tibia, during the first days after operation,
and they were therefore excluded from the material.

During the observation period 19 rabbits died of epidemic gastro-
intestinal infection with diarrhoea.

In group S no local infection occurred, nor any deaths from fat
emboli.

In group NS there were 2 deaths from massive local infections
and also 4 deaths from massive fat emboli. verified histologically.
Of these latter 4 rabbits, one died just before the end of the operation
and 3 during the first hours postoperatively. These deaths from fat
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emboli, which thus occurred only in group NS in which reaming
was performed without suction, comprised 119, of the total operated
on in this group. During operation in this group a further 4 animals
developed sudden dyspnoea and cyanosis. It seems highly likely that
pulmonary fat emboli occurred also in these animals, which later
recovered spontaneously.

GENERAL BODY REACTION TO THE OPERATION

The change in the mean body weight was calculated in each subgroup
of groups S and NS (see Table II, p. 17). During the first week the
body weight decreased in both groups. After the third week the animals
in group S showed a fairly even and continuous weight increase. In
group NS the body weight increase was usually slower than in group S.
Also the death rate indicates that the animals in group NS were more
severely affected than those in group S.

LOCAL REACTIONS

During the first 24 hours after operation, the rabbits held the
treated leg close to their body, but after this time they seemed to use
their legs in the normal way.

In group S the local reaction in the undisplaced osteotomized legs
was characterized by a small spool-shaped swelling which decreased
after 2-3 weeks and developed into a very small bony prominence.
In group NS the swelling was more pronounced and the spool shape
more eclongated. After the 2nd to 3rd week the swelling was still
considerable and became indurated. The time it took for the swelhng
to decrease was much longer in group NS.

ROENTGENOLOGICAL FINDINGS

In most of the rabbits a good fit of the nail in the reamed cavity
was seen (Fig. 4). The curved osteotomy line was hardly visible even
in the short-term experiments. In the distal part of the tibia it was
also possible to compare the thickness of the reamed cortex and the
non-reamed cortex, and the amount of cortical bone removed could
be roughly estimated (Fig. 10). Figure 11 demonstrates the shape
and level of the osteotomy line in an animal observed after the 2nd
week, where the gap is widened because of the absence of callus and
the movement during withdrawal of the nail. The cerclage-treated
animals showed no difference in the roentgenological findings from
the unfractured cases (Fig. 12).
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The roentgenological healing pattern differed regularly in groups
S and NS (Fig. 13). In
the animals with late sec-
ondary fractures (Fig. 14)
it was more difficult to
distinguish between the
two groups.

Group S (with suction)

The peripheral os-
seous formation in this
group was, as a rule,
very thin and was ob-
served only at the level
of the osteotomy and
never along the whole
tibia (Fig. 15).

The fracture line was
only slightly visible after
4 weeks and in most
cases had completely dis-
appeared after 8 weeks
(Fig. 16a-b). Endosteal
bone formation was
nearly always present
and locked the nail.
This ‘could be regarded
as a sure sign of com-
plete stability (Fig. 17).

The porosity of the
cortical bone as a sign
of cortical remodelling
which took place in the
later stages of the healing
can be seen in Fig. 17.

Fig. 10. - X-ray appear-
ance just after operative
procedure.
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FiG. 12. - a) Schematic
illustration of the healing
after nailing and « cercla-
ge»,  h) X-ray of rabbit
in group S 10 weeks after
nailing.

28

Fig. (1. - X-ray. The
osteotomy line 2 weeks
after operation.




7y
Fic, 13, - Schematic il-
lustration of the roent-
genoiogical observations,
A refers to the obsecva-
tions in group S. Bl and
N refer 10 the observa-

tions in group NS.

FiG, 14. - a) Schematic
illustration of healing af-
ter secondary fracture.
b X-ray 6 weeks after
nailing.
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Fic. 15. - Group S. X-ray
8 weeks after nailing, show-
ing a small thickening of
the bone at the osteotomy
site.

Groups NS (without suc-
tion)

The peripheral os-
seous formation, illus-
trated in Fig. 18, was
often considerable and
extended along the en-
tire diaphysis. Some-
times it was interrupted
at the fracture level
(Fig. 20). A similar, but
not quite so extensive
peripheral bone reaction
is shown in Fig. 19.
Condensation of the new
peripheral osseous tis-
sue, which had the ap-
pearance of a new cor-
tex, was observed in this
group (Fig. 18). The
original cortex appeared
to be sequestrated and
this was most pronoun-
ced close to the fracture
line. The resorption of
cortex was more pro-
nounced far away from
the osteotomy line.

The cortical ends, in contact at the osteotomy line., seemed to
be practically unaffected by resorption. In some cases (Fig. 21) the
peripheral new bone did not bridge the osteotomy line in spite of the
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Fig. 17. - Group S.
X-ray 10 weeks after
nailing: a bone cast
around the nail gives a
negative image of the
nail. The porosity of the
cortex in the later stages
can be seen here.

Fi1G. 16. - Group S. X-ray
4 weeks after nailing.
Almost no peripheral
reaction. Osteotomy line
is hardly visible (a).
8 weeks after nailing:
Osteotomy line still less
visible (b).
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FiG. 18. - Group NS.
X-ray 6 weeks after nail-
ing: A considerable peri-
pheral reaction is visible
all along the diaphysis,
which is undergoing cor-
ticalization while the old
cortex seems to be se-
questrated. On the right
the contralateral tibia.



good stability which still seemed to exist, as indicated by the relatively
unaffected cortical ends. In spite of the good apposition and stability
achieved during surgery and which was still effective even after 10

Fic. 19. - Group NS. X-ray 10 weeks after nailing: the extensive peripheral
reaction is larger at the osteotomy site. A pseudarthrosis is developing, and in
this case the stability appears to be poor.

weeks in most cases, there was no satisfactory bridging across the
osteotomy line.

Almost all animals in group NS (Bl and BIl in Fig. 13) could be
considered to show delayed union, at least, even if not true non-union
(Fig. 21).
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Fic. 20. - Group NS.
X-ray 13 weeks after
nailing: another exten-
sive, less mature, periph-
eral reaction and delayed
union. On the right the
contralateral tibia.

FiGg. 21 A. - Group NS.
X-ray 10 weeks after
nailing. «) Pseudarth-
rosis. The old seques-
trated cortex appears to
be still in contact and
well adapted. Note the
corticalization of the
peripheral osseous re-
action. #)and ¢) Trans-
verse section of upper
and lower diaphysis.
The central part of the
cortex is sequestrated.

Fic. 21 B. - Group S.
X-ray 10 weeks after
nailing. a) Well heal-
ed osteotomy. b) and
¢) Transverse section of
upper and lower dia-
physis.






MICROSCOPICAL OBSERVATIONS

Vascularity and rebuilding of cortex

The experimental procedure always resulted in total damage to
the intramedullary circulation, and close to the osteotomy line also
in periosteal damage. This damage, due to stripping of the periosteum
around the osteotomy, was estimated to extend about 1cm above
and 1cm below the osteotomy line. This meant total primary ava-
scularity of the osteotomy area.

Group S

In one preparation observed after one week the cortical ends were
completely avascular (Fig. 22). In the distal and also, mostly, in the
upper part of the diaphyseal cortex, far away from the osteotomy

Fic. 22. - Group S. Spalteholz preparation 1 week after nailing. Complete
avascularity of the cortical ends. A vascular loop is entering the osteotomy line.
» Medullary cavity.

line, it was common to observe an almost normal intracortical circu-
lation (Fig. 23). During the first week the intracortical vassels became
wider. The vascular front was located at the level of the damaged
and undamaged periosteum.
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The first vessels very soon grew into the peripheral avascular part
of the cortex, however, even at the level of the osteotomy line where
the periosteum had been separated from the cortex during surgery
and been replaced before closure of the wound. Around the vessels

Fic. 23. - Group S. Spalteholz preparation 4 weeks after nailing. Almost nor-
mal intracortical circulation at the upper nail level, where the endosteal circu-
lation is also well re-established.

penetrating the avascular cortex there was progressing resorption,
seen mainly in the third and fourth weeks (Fig. 24a and b). Later in
the healing process the revascularization activities involved the devel-
opment of many cutter heads which usually passed through the cortex
in the direction towards the osteotomy line (Fig. 25). Sometimes
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Fic. 24. - Group S. Fluorescence preparation 3 weeks after nailing (L.C. 10-15-21)
a) Penetration and widening of vascular canals from the periosteal area. The
vessels are directed towards the nearby osteotomy line located to the right.
b) The same appearance in a transverse section. -
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Fi1G. 25. - Group S. Fluorescence preparation 4 weeks after nailing (L.C. 16-22-28).
Cutter heads are remodelling the cortex and progressing towards the osteotomy line.

FiG. 26. - Group S. Fluorescence preparation 8 weeks after nailing (L.C. 36-45-56).
Remodelling of the cortex. From resorption cavities (red and green) new canals
(green) are moving along the cortex.
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FiG. 27. - Group S. Spalteholz preparation 6 weeks after nailing. a) Abundant
intramedullary vascularization has reached the upper part of the nail. The ves-
sels are beginning to supply the inner cortex and to join the peripheral circula-
tion. b) The transverse section also shows the small upper nail pin embraced
by the new bone. - indicates the site of the nail.
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FiGg. 28. - Group S. Spalteholz preparation 6 weeks after nailing. Abundance
of vessels attacking the inner avascular cortex just adjacent to the nail,

these cutter heads, supplied by vessels coming from the periosteum,
seemed via resorption lacunae to excavate the cortex, often the middle
part (Fig. 26). The cortex could be revascularized from endosteal
vessels in some cases as early as in the 2nd and 3rd weeks, but the
4th week was more usual for revascularization from this direction.
These vessels penetrated the cortex especially in the region above the
upper end of the nail (Fig. 27a and b). They often gave rise to resorp-
tion at the inner wall of the cortex and revascularized the inner part
of it (Fig. 28).

Group NS

The avascularity of the cortex in this group was often very extensive.
It was caused not only by the rupture of marrow vessels but also by
marrow fat particles which had been forced out into the intracortical
canal system. The avascularity lasted for a very long time. In a pre-
paration six weeks after osteotomy there were still large areas without
any Indian-ink filled vessels (Fig. 29).

The revascularization process of the cortex appeared to be quite
different from that in group S, although in some cases the invasion
of blood vessels from the periosteum close to the osteotomy line was
similar.
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F1G. 29a. - Group NS. Spalteholz preparation 6 weeks after nailing. Revascu-
larization pattern. From top to bottom. 1) Outer corticalized peripheral layer;
2) large vascular lacunae; 3) vascular communications with outer revascularized
cortical layer; 4) sequestrated inner cortex.

FiG. 29b. - Transverse section of preparation in Fig. 2%a.
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In comparison with group S, only a few vessels seemed to enter
the cortex. Other vessels joined in cavities to form wider sinusoids
often located in the middle part of the diaphyseal cortex. These
vascular cavities increased in size and became more elongated along
the cortex, forming a kind of reticular system. The cortical bone
seemed to become « dissolved » or « melted down » in a peculiar way.
This resorption procedure did not present the typical appearance of
pure osteoclastic activity.

In its most pronounced form this « melting » activity would divide
the cortex into one central layer which in some cases was sequestrated

FiG. 30. - Group S. Fluorescence preparation 2 weeks after nailing (L.C. 6-10-14).
The red labelling shows the first bone deposition under the stripped periosteum
after ten days. The activity has increased very rapidly during the next days and
the bone is labelled with green on the 14th day.
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completely (Fig. 29) and one outer layer which would later be included
in the remodelling of the new cortex in one way or another (Fig. 29).

Periosteal bone formation

Close to the gap, where the periosteum had been incised, ingrow-
ing vessels and cells from surrounding tissues contributed to bone

FiG. 31, - Group 8. Fluore-
scence preparation 2 weeks
after nailing (L.C. 6-10-14).
The periosteal reaction at
different distances from the
osteotomy line,




formation. Away from the osteotomy line the bone was only formed
subperiosteally.

Group S

In this experimental group the new bone reached a limited thick-
ness only close to the level of the osteotomy line. The first periosteal
reaction was seen to have occurred on the 3rd to 4th day in the hemato-
porphyrin-labelied bone, up to a distance of 0.5 cm from the osteotomy
line. This newly formed bone often bridged the osteotomy line after
the first week (Fig. 30). In the Ist and 2nd weeks it had the typical
appearance of trabecular bone, later usually forming primary osteones
in several layers. From the level of the osteotomy line, these osteones
decreased in number and thickness along the diaphysis and finally
ended in a layer of superficial lamellar bone far away from the osteo-
tomy line (Fig. 31). Later, in the 6th to 8th weeks, the outer layer
of trabecular bone underwent remodelling by superficial resorption
of the ridges and by lamellar bone formation around the vessels in
the intertrabecular spaces, a process which resulted in condensation,
or corticalization, of the outer layer of the periosteally formed bone
(Figs. 32 and 33). In the innermost layer just outside the cortical
bone and close to the osteotomy line, resorption activities predomi-
nated, with typical Howship’s lacunae eroding the outer cortex and
resorption of the inner part of the newly formed trabecular bone
(Fig. 33). This process terminated in the formation of limited cavities
which then tended to unite. The tendency of these cavities was to
move slowly into the cortex as a result of resorption from the central
cortical wall and accretion of bone to ihe inner side of the peripheral
wall.

Group NS

The periosteal bone formation was always very pronounced all
along the diaphysis (Fig. 34). In comparison with group S, the bone
formation began some days later. In some cases it showed even distri-
bution along the diaphysis, but in the early stages it was also possible
to see parts of the bone without any subperiosteal bone formation.
Close to the osteotomy line, newly formed bone was seldom seen on
the surface or in the gap. This was observed, however, in one pre-
paration after 2 weeks (Fig. 35). During the time up to the 4th week
the newly formed periosteal bone could reach enormous proportions,
in some cases up to 8 times as much as observed in group S (Fig. 34).
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FiG. 32. - Group S. Fluorescence preparation 6 weeks after nailing (L.C. 26-34-42).
The outer peripheral reaction is undergoing resorption. Condensation is clearly
demonstrated by the triple fluorochrome linear labelling. In the inner part just
in contact with the nail a layer of green labeiled bone can be seen.

FIG. 33. - Group S. Fluorescence preparation 6 weeks after nailing (L.C. 26-34-42).
Resorption cavities in the inner part of the peripheral bone.
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FiG. 34. - Group S (left). Fluorescence preparation 4 weeks after nailing. The
enormous peripheral reaction in group NS (right) attains almost 8 times the size
of that observed in group S (L.C. 16-22-28). The arrow indicates the osteotomy line.

FIG. 35. - Group NS. Fluorescence preparation 4 weeks after nailing (L.C. 16-22-28).
At the fracture line the periosteal bone formation is interrupted by vascular gra-
nulation tissue with wide resorption areas. Note the large vessels.
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This bone consisted of long spicular trabeculae. Close to the fracture
gap these trabeculae were orientated towards the gap, but further
away along the diaphysis the orientation was perpendicular to the
cortex as if very strong bone induction was taking place.

Fi1G. 36. - Group NS. Fluorescence preparation 6 weeks after nailing (L.C. 26-34-42).
Bridging external callus, no activity in the fracture ends.

The periosteal reaction gave newly formed woven bone, which
moved like a wave towards the osteotomy level with increasing obser-
vation time. In between the « waves » from each side, fibrous tissue.
large vessels (Fig. 35) and sometimes cartilage cells were seen. This
observation could, of course, be interpreted as a demonstration of
instability, but very often, in other parts of the same tibia, periosteal

48



FiG. 37. - Group NS. Fluorescence preparation 13 weeks after nailing (L.C. 47-
69-91). Peripheral bridging corticalization. Rebuilding and sequestration of old
cortex. At the bottom the site of the nail is seen.

callus could be seen to bridge the osteotomy line (Fig. 36). In the
following weeks, beginning from the end of the 6th, the newly formed
periosteal bone underwent final maturation. Outside the osteotomy
gap, this process followed the same pattern and stages as in group S.
The bone maturation and formation of cystic resorption cavities showed
only ‘quantitative differences (Fig. 37).

Intramedullary reaction

When reaming, owing to the irregular shape of the medullary
cavity, only parts of the innermost cortical layers will be removed
(Fig. 38). The a zones (see figure) of the medullary cavity are not
totally removed by the reamer, but obviously the vessels there must
be severely damaged. The nail itself usually fits very well in the distal
part of the canal, but will be free from contact with the cortex at
several points in the upper part of the diaphysis (Fig. 38).

The revascularization of the medullary cavity and of the inner
part of the cortex usually follows three pathways:

I. from the undisturbed upper and lower metaphysis along the «
zones.
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2. directly through the cortex, mainly observed in the upper part of
the diaphysis,
3. through the fracture gap where such exists.

Group S

The appearance of vessels in the medullary cavity, growing through
the gap, was already observed after the first week (Fig. 39a and b).
A network of vessels in the a zones, partly coming from the upper

Fig. 38. - Schematic diagram illustrating: I) reamed areas of inner cortex (b)
and non-reamed parts of the medullary cavity (a); II) the fitting of the nail and
the free zones where the medullary circulation has free space.
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Fic. 39. - Group S. Spalteholz preparation 2 weeks after nailing. @) The extent
of the avascularity is well demonstrated. Abundant peripheral vascular reaction.
Single blood-vessel branches are passing into the osteotomy gap (bottom right).
From the proximal fragment the vascular front is progressing together with inter-
medullary vessels (top left). 5) Enlargement of the former pictures. (Lower
osteotomy line.)}
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Fic. 40. - Group S. Transverse section. Fluorescence preparation 4 weeks after
nailing (L..C. 16-22-28). Newly formed bone enclosing the nail is labelled with yel-
low (zone a), red and green (zone b). Note the resorption of peripheral ridges.

Fic. 41. - Group S. Transverse section. Fluorescence preparation 8 weeks after
nailing (L.C. 36-46-56). Centrally a large vessel with a lacunar appearance is
traversing the cortex and divides into two branches embracing the nail. Intense
remodelling in the outer part of the cortex.
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end, was seen after the third week. At the same time, single vessels
appeared in the b zones between the reamed cortex and the nail.

From the third week onwards newly formed bone was seen in the
a zones immediately adjacent to the nail. The progression of bone
formation in the section shown in Fig. 40 can easily be timed. Common
also was the observation of vessels directly crossing the cortex and
growing almost as far as the nail where they sometimes divided in
the form of a T, which embraced the nail (Fig. 41). The further re-
modelling of the cortex proceeded in a typical manner, consisting of
erosion of the inner cortical layer with simultanecous deposition of
lamellar bone around the nail (Fig. 42).

Fic. 42. - Group S. Fluorescence preparation 4 weeks after nailing (L.C. 16-22-28).
Remodelling of the inner cortex with simultaneous erosion and deposition of
bone lamellae along the nail. Note the rebuilding in the outer cortex (bottom).

The process of erosion of the inner part of the cortex resulted in
the confluence of many different cavities surrounding the newly formed
bone around the nail (Fig. 43). These cavities contained blood vessels
and new bone marrow with marrow cells and fat cells. The vessels,
often as large as vascular lacunae. frequently secemed to be in com-
munication with the metaphyseal vascular system, which, after the
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4th week, usually took a more active part in the supply of the inner
cortex with blood vessels (Fig. 44). In still later stages the new bone
around and close to the nail became thicker, and also acquired a
more mature appearance (Fig. 45).

Group NS

The intramedullary reaction in this group was usually extremely
delayed, except in some rare cases, where the intracortical circulation
had not been so severely disturbed (compare zone a in Fig. 381).

FiG. 43. - Group S. Transverse section. Fluorescence preparation 10 weeks
after nailing (L.C. 46-58-70). Maturation of the inner cortex with confluence
of erosion cavities. Lamellar bone around the nail.
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Fia. 44. - Group S. Fluorescence preparation 4 weeks after nailing (L.C. 16-22-28).
Revascularization of the inner cortex from vessels between the nail and cor-
tical wall.

Fic. 45 A. - Group S. Fluorescence preparation 13 weeks after nailing(1..C. 47-69-91).
Locking of the nail. Left: longitudinal section shows the upper part of the cast
which consists of matured bone well attached to the cortical wall by large beams.
Right: distal transverse section demonstrates the stability of the nail. Note the
spongy appearance of the middle cortex.
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The nail and the bone formation

Group S

Very soon after the vessels reached the nail, usually in the 3rd or
4th week, it became surrounded by newly formed bone (Figs. 40, 42
and 44) which increased successively in amount and maturation
(Fig. 43). The bone formed a cast, so to speak, which embraced all
three parts of the nail (Fig. 45 A and B). This bone cast around the
nail can be regarded as an expression of the total stability of the
fixation system.

FiG. 45 B. - Corresponding preparation investigated with microradiography. Note
the well adapted bone cast of the nail.

Group NS

Up to the 10th week no new bone was usually formed around the
nail in this group. In sections examined after the 13th week, incom-
plete bone casts with a considerable amount of fibrous tissue between
the bone and the nail were found. This finding can probably be
regarded as a sign of instability.

Osteotomy line

The intramedullary nail, because of its central position, should be
the ideal device for achieving equal compression all along the circum-
ference of the contact surfaces of the osteotomy. This condition was
not always obtained in our experiments. This was partly due to the
slightly curved shape of the rabbit tibia in the longitudinal axis. while
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the nail was purely cylindrical and was unable to bend in its central
part. The curved osteotomy itself cannot always be ideal for good
apposition in spite of the fact that it prevents rotation. For these
reasons we usually observed in the same animal an osteotomy which
was well apposed and had complete contact on the one side of the
tibia, but with a gap on the other side.

Group S

The first signs of healing of the osteotomy line started with vascular-
ization. Vessels could appear in the gap as early as in the first week
(Fig. 46). When the bone contact is absolute, vascular invasion from
the periosteal side is very difficult. In these areas an ingrowth of

F16. 46. - Group S. Fluorescence preparation one week after nailing (L.C. 1-4-7).
In the well adapted osteotomy line a tiny vessel is proceeding.
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vessels with simultaneous bone resorption was not observed before
the 3rd week. This resorption was almost immediately followed by
formation of lamellar bone in the form of primary osteones. The
resorption area was U-shaped with formations resembling cutter heads,
occurring on both sides of the line, which was often respected as if
resorption of the fracture surfaces was more difficult (Fig. 47). The

FiG. 47. - Group S. Fluorescence preparation 6 weeks after nailing (L.C. 26-34-42).
U-shaped area of resorption and deposition of the cutter head type.

osteotomy line, filled out in this way by bone, was later crossed by
secondary osteones in the 5th to 6th week.

The U-shaped bone remodelling with resorption and bone for-
mation in the gap eventually connected the two fracture ends. This
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Fic. 48. - Group S. Fluorescence preparation 6 weeks after nailing (L.C. 26-34-42).
Secondary osteones are approaching the osteotomy line, and cutter heads stop
at the line to produce dn «elephant foot» formation.

FIG. 49. - Group S. Fluorescence preparation 6 weeks after nailing (L.C. 26-34-42).
The healing is almost completed in the outer layer of cortex. The innermost
part, where the last osteone has passed through, is still undergoing remodelling.
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process came to a stop in its progression along the osteotomy line,
after which the newly formed bone underwent maturation. Parts of
the closely adapted osteotomy line remained unchanged until it became
rebuilt by traversing secondary osteones. Termination of the revascular-
ization process was a very frequent finding and we cannot give any
acceptable explanation for it.

The secondary osteones usually appeared earlier in the upper
fragment than in the lower. A frequent observation was termination
of the excavation by the cutter heads for the secondary osteones at
the osteotomy line, where they widened to form the shape of an
elephant’s foot (Fig. 48).

This finding suggests that the osteone head was searching for a
canal in the opposite fragment for its further growth on the other
side. This pattern fits well with the common observation that a new
secondary osteone usually grows along the old devitalized canals. The
crossing of osteones from the distal fragment was observed later in
the healing process, after the 8th to 10th week.

Fic. 50. - Group S. Fluorescence preparation 16 weeks after nailing (L.C. 52-
82-112). Osteotomy line still visible. A large secondary osteone crosses the line
in the centre of the cortex. Periosteal lamellar bone deposition is going on since
at least the time of the red labelling-day 82. Bottom left: part of the lamellar
bone cast surrounding the nail.
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After the 10th week most of the osteotomy line was filled with
new transversely formed bone, and many longitudinal osteones crossed
the osteotomy line, including that part where there was close contact.
In this way the remodelling of the osteotomy line would become
completed, even if some small parts of it remained unchanged for a
very long time (Fig. 49 and 50).

FiG. 51. - Group S. Fluorescence preparation 3 weeks after nailing (L.C. 10-15-21).
Wide osteotomy gap early invaded by vessels. Yellow labelled bone (10th day)
is seen at the entrance of the gap. Lamellar bone is deposited during the red
through green period. Note the retrograde vascularization of the cortical ends.

The wide gap was quickly invaded by new vessels coming from the
network produced by the peripheral vascular reaction. Primarily
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FiG. 52. - Group S. Fluorescence preparation 10 weeks after nailing (L.C. 46-58-70).
The longitudinal remodelling of the transversally deposited bone in the gap.

Fi1G. 53. - Group S. Fluorescence preparation 10 weeks after nailing (L.C. 46-58-70).
Triangular shaped area of resorption and deposition. This process is usually not
delayed.
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Fic. 54. - Group NS. Spalteholz preparation 2 weeks after nailing. Total avas-
cularity of the cortex even far away from the osteotomy line on the right.

FiG. 55. - Group NS. Fluorescence preparation 2 weeks after nailing (L.C. 6-10-14).
The peripheral reaction is delayed, marked with only green labelling. Resorption
scalloping in both fracture ends. No bone in the gap.
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woven bone was formed around these vessels. This bone was later
condensed by the formation of primary osteones and sometimes also
by secondary osteones. These transformed the newly formed bone
into mature lamellar bone disposed transversally along the gap, usually
between the 3rd and 6th weeks (Fig. 51).

The bone was often firmly fixed to the borders of the gap, which
was often found to be eroded by osteoclastic resorption arches (Fig. 51).

After the 3rd to 4th week, vessels from the gap sometimes, though
not often, found their way into the cortical ends, forming a typical
pattern, which is shown in Fig. 51. Here, as well as in the well
adapted osteotomy line, secondary osteones crossed the gap after the
6th week, remodelling the bone already formed and restoring the
longitudinal architecture of the diaphyseal bone (Fig. 52).

In some cases a wedge-shaped defect was found at the outer part
of the osteotomy line, probably caused by the sawing and not an
effect of resorption. This defect was filled at an early stage with woven
bone, which was later rebuilt in the same way as the bone in the wide

gap (Fig. 53).

Fic. 56. - Group NS. Fluorescent preparation 16 weeks after nailing (L.C. 52-
82-112). The cortical ends have been largely resorbed and the old bone is replaced by
large cortical cavities. There is, however, some interfragmentally formed bone visi-
ble at the level of the arrow and the cortical end contact is defective. The periosteally
formed bone is condensed to a strong reliable fragment uniting bridge (right).
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Group NS

The most impressive finding was the lack of vessels and bone in
the gap. In Spalteholz preparations examined after the 2nd and also
the 4th week, there was an almost total absence of vessels in the
cortical ends (Fig. 54).

This is remarkable in comparison with the rapid revascularization
observed in group S. Even after the 6th week, when some bone would
appear in the osteotomy line, the osseous communication between the
fragments consisted mainly of a bridging periosteal cuff.

The cortical ends always remained totally «cold » and avascular
without any signs of vessels entering the cortex (Fig. 55), and very
seldom cutter heads were seen there even in the 10th week. The char-
acteristic secondary osteones so often observed during this time in
_group S seemed to have been replaced by the formation of large
resorption intracortical cavities. At this time—the 10th week—inter-
fragmental new bone connected the ends of the necrotic cortical bone
in some cases (Figs. 56 and 37).
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DISCUSSION

Nailing has for many years been a well accepted and valuable
method in the treatment of some diaphyseal fractures. Improvements
of the technique, however, have been based more on clinical expe-
rience than on experimental studies.

Reaming of the medullary cavity with the use of a stronger nail
has increased the number of fractures suitable for this treatment. This
method has greatly improved the stability and has made immediate
weight bearing possible. These are very important factors in the treatment
of diaphyseal fractures. Opponents of the method often argue that this
mode of treatment causes extensive damage to the circulation of the
bone and, as a consequence, increases the risk of complications such as
infections and delayed union. They also point out that the method may
increase the swelling of the leg and cause circulatory disturbances
(Nylander and Semb 1970). The opponents therefore consider that the
advantages of the method do not compensate for its disadvantages.

On nailing, and especially on reaming, the medullary vessels in
the diaphyseal part of the bone are destroyed. This, together with
the. periosteal damage caused by a fracture or by an experimental
osteotomy, can result in some damage to the cortical circulation.

Previous experiments on rabbits have shown that reaming in the
medullary cavity often produces a high intramedullary pressure that
forces bone marrow into the intracortical canals, where it may obstruct
a large part of the circulation (Danckwardt-Lilliestrom 1969c).

If, however, the reaming is performed after previous evacuation
of the marrow contents and during suction of the medullary cavity,
the cortical avascularity can be reduced to a very great extent (Danck-
wardt-Lilliestréom et al. 1970).

With the present experimental work we have tried to evaluate in
what way an osteotomy, firmly stabilized with a compression nail,
will heal in the presence of different degrees of cortical damage pro-
voked by the reaming.

The « dome-shaped » osteotomy just below the level of the tibio-
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-fibular synostosis, stabilized by a compression nail, has proved to
be a suitable model.

The aim of the compression nail is to obtain such good stability
that the vascular proliferation in the osteotomy area will not be me-
chanically disturbed. The compression itself certainly does not induce
bone formation, but only maintains the stability, especially by pre-
venting rotation. The compression forces sometimes resulted in slight
deformation of the osteotomy ends, but in our opinion the deformity
does not produce any disturbance of the cortical canals outside the
deformed area.

In group S, since the fatty marrow had been evacuated previously,
the impairment of the cortical circulation in the middle part of the
diaphysis was due mainly to disruption of vascular communications
between the marrow and the cortex. Another reason for the impaired
cortical circulation in group NS was the subperiosteal medullo hema-
toma (Zucman et al. 1968, Danckwardt-Lilliestrdm 1969¢). This separates
the periosteum and disrupts the vascular communications between the
periosteum and cortex, which result in further damage to the cortical
bone in this area. This medullo hematoma may have a similar effect
to that of autologous bone marrow transplantation as described by
Burwell (1966).

In our two main experimental groups, group S and group NS, a
definite difference in pattern was observed throughout, not only as
regards the cortical vascular damage, but also in the general and
local clinical appearance, radiological findings and the microscopical
healing pattern.

The operative procedure in itself causes stress in the organism as
a whole, as has been pointed out by many authors. In spite of the
fact that these rabbits were still in the age of growth, they stopped
growing for a period of about 20 days. This was observed in both groups.
There were, however, some differences between animals undergoing
the more crude operation—the non-suction group—and those in which
the operation was more careful—the suction group. The former animals
appeared to be more affected generally, with, on the whole, a slower
weight increase, perhaps due to a larger degree of local trauma and
also possibly due to an effect of the distribution into the organism of
marrow particles, mobilized by the reaming in this group.

The death rate from fat emboli in the non-suction group was
11%, and a further 109 showed clear signs of the fat embolism

/0

syndrome but survived.
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In earlier experiments (Olerud et al. 1969) it was found that blood
samples from the femoral vein during reaming contained numerous
marrow particles.

The soft tissue reaction around the osteotomy in group S was
small and of short duration in comparison with group NS, where it
was sometimes very extensive and persisted for a long period.

The local clinical findings at the different observation times in
the different groups corresponded with the roentgenological and mi-
croscopical patterns. The small degree of periosteal bone formation
in group S was very similar to the reaction observed in experiments
with intermediate avascular fragments stabilized by a compression
plate in dogs (Olerud & Danckwardt-Lilliestrom 1970). The bone
was formed almost exclusively close to the osteotomy line, and the
first formed woven bone very quickly rebuilt to lamellar bone. In this
group we were unable to confirm the generally accepted profuse peri-
osteal bone formation after medullary nailing described from experi-
mental findings by Trueta and Cavadias (1955), Andersson (1965),
Richany et al. (1965), Rhinelander et al. (1967) and many others and
from clinical observations by Kiintscher (1962) and Bohler (1949).

In group NS where the aim was to obtain a high intramedullary
pressure during reaming, the considerable soft tissue swelling corre-
sponded to a large amount of callus all along the diaphysis. Such a
periosteal reaction was found in some animals by Danckwardt-Lillie-
strom (1969¢) on reaming the medullary cavity of the rabbit tibia with-
out fracture. This supports the opinion that these periosteal reactions
do not depend upon instability. In spite of the considerable peripheral
bone formation, clearly visible roentgenologically, the new bone did
not always bridge the osteotomy line all around the bone. Some parts
of the line were, however, often firmly bridged. This proves that the
absence of bridging in other parts is not due to lack of stability.

Our technique with the « dome-shaped » osteotomy fixed with the
compression nail assured us of complete stability of the osteotomy in
both groups. Stability is considered by many authors (Yamagishi et al.
1955, Friedenberg 1952, Rhinelander et al. 1967, Kiintscher 1962) to bea
factor which diminishes peripheral bone formation. In our study,
however, although good stability was achieved in almost all animals, the
large peripheral reaction was only found in group NS. We consider,
therefore, that the peripheral bone formation depends, at least under
our conditions, much more on subperiosteal marrow deposition, eli-
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mination of the marrow circulation and cortical bone necrosis than
on instability, though this can be a contributory factor.

The often extensive periosteal bone formation in the Biindelnagel-
ung method (Hackethal 1961) may fit well with this opinion, since a
large amount of the marrow content will be forced out from the me-
dullary cavity by the steel pins.

The revascularization of the cortical bone which starts at an early
stage from all vascularized areas of the surrounding soft tissue, the perio-
steum, cortex and marrow cavity, occurred in different ways in the two
groups. In group S it followed two lines, firstly by connection with pre-
existing vessels, in the same way as described by Birch and Brdnemark
(1969) in revascularization of full thickness skin grafts and by Olerud and
Danckwardt-Lilliestrom (1970) in experiments with avascular cortical
fragments, and secondly by the cutter head procedure. In this respect
the periosteum plays the largest role in furnishing the blood supply
through the cortex to the vascular front. The original centrifugal flow
in the cortex furnished by the nutrient artery will be replaced by a
centripetal flow from the periosteal vessels. Such a conversion of blood
flow has been described by many authors (Brookes 1960, Rhinelander
and Bargary 1962, Cavadias and Trueta 1965, Ladanyi et al. 1965) from
studies with different experimental models. By vessels perforating the
cortex and via vessels passing through the fracture line and by a con-
tribution from the metaphyseal systems, the endosteal circulation will
be partly restored.

Revascularization of the large avascular areas of cortex in group NS
seemed to be very difficult. Central to the sparsely vascularized outer
part of the cortex, cystic cavities were formed which later enlarged
and became confluent. The cavities were furnished from vessels increas-
ing in size through the outer cortex. The cortex central to the cavities
was not invaded by vessels, but only eroded from the surface. This
may have been due to blockage of the bone canals by fat. The decom-
posed fat may act as a toxic factor and prevent normal revascular-
ization. After some time parts of the inner cortex became sequestrated
and at least partly resolved, and this can be seen in the X-ray pictures.
The cortical damage in this group showed wide interindividual variations
and as a consequence of the conditions described above there were
important quantitative differences. The endosteal revascularization
also exhibited great variety in timing and intensity.

The osteotomy ends in both groups. S and NS. were primarily
avascular. In spite of this, definite differcnces werc seen between the
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two groups in the revascularization and bone formation at the fracture
line. In group S vessels already appeared in the first week, and were
followed almost immediately by bone formation, so that the gap in
the X-ray pictures had almost disappeared by the 4th to 5th week.
A period of 4 to 6 weeks is considered normal for a rabbit tibia
to heal (Varma and Metha 1967). In group NS, however, the osteo-
tomy line remained clearly visible and with little reaction even up
to the 13th and even the 16th week. The consolidation in these cases
depends almost solely upon the enormous periosteal bone formation,
and in spite of this bone formation a reliable union between the
osteotomy ends will seldom take place. Real bone union never seems
to occur between the fracture ends when the intracortical circulation
is blocked by fat emboli. In group S there was also vascular
invasion from the gap into the osteotomy ends. Also this phenomenon
was never seen in group NS. This indicates that there must be some
factor in the cortex, probably the fat in the intracortical canals, which,
mechanically or chemically, may prevent the invasion of vessels. Sup-
porting the chemical influence is the fact that vessels in group NS
would sometimes not even grow into the fracture gap.

Depending upon the size of the osteotomy gap, woven bone or
lamellar bone is formed. In later stages, i.e. the 6th to 8th week,
the line will be crossed by secondary osteones. Small areas in the
region of close contact will, however, still remain unrebuilt after a
very long time—up to the 16th week. The reason for this might be
that the mechanically very stable nail will eliminate space polarizing
factors as a stimulus for total cortical remodelling (Frost 1963,
Schénck 1965).

In group S the nail was very soon surrounded by newly formed
bone, and later it was « locked » even more closely by thicker mature
lamellar bone. At the same time the endosteal part of the original
cortex was extensively resorbed but replaced by stable beams which
connected the bone cast around the nail with the original cortex, and
the nail would never loosen. The nail will in this way also give « stress
protection » to the bone, which can explain the spongialization and
delay in final remodelling of the cortex, which was very slow in the
fater stages.

In group NS, where the bone healing was extremely retarded, the
anchoring of the nail was very poor. This was certainly due to the
impaired vascular situation. The nail had to function as a stabilizing
factor for a longer period of time because of the delay in consolidation.
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The resorption around the nail will win over the bone formation,
with instability as a result. The pseudarthrosis in our rabbits may
have been due to this reason. Probably in some cases the cause of
delayed healing and pseudarthrosis occurring in clinical practice
(L. Bohler 1953, Biirkle de la Camp 1958) can be referred to these
factors.
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CONCLUSIONS

This experimental work aimed at answering some fundamental
questions in the treatment of fractures with reaming and nailing.
Though this type of surgery has many aspects, and many problems
still remain untouched, we believe that the questions we posed in the
introduction can be given some answers:

To the cortical damage, produced by reaming of the medullary
cavity the osteotomy adds total avascularity of the osteotomy ends.
The nail itself does not seem to produce any further damage to the
cortical circulation.

When the avascularity is due to severance of the vascular com-
munication the revascularization process is rapid and occurs by con-
nection with preexisting intracortical vessels or by cutter head formation.
The latter process is more or less complete and takes place without
any major cyst formation in the cortex. If the avascularity is due to
fat emboli in the intracortical canals, the revascularization is very
slow and incomplete. Large cystic cavities are formed, which become
confluent and often sequestrate parts of the inner layer of the cortex.

With minor cortical damage under stable conditions, limited peri-
osteal bone formation almost invisible on X-ray pictures is seen. With
a larger extent of cortical damage, even under stable conditions, con-
siderable periosteal bone formation creates a new cortex.

Under stable conditions and with minor cortical damage, the
repair is characterized by immediate bone formation in the osteotomy
gap (if such exists), followed by remodelling of the cortex and fracture
area by secondary longitudinal osteones. The nail itself, fully fitting
the fracture region in the medullary cavity, does not in any way impair
the bone formation and healing of the osteotomy because of the good
vascularity supplied in the early stages mainly from the periosteal
vascular system.

With extensive cortical damage due to marrow emboli, the heal-
ing of the osteotomy line is very slow and incomplete or may fail
owing to impaired revascularization of the osteotomy ends and the
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pronounced resorption in this region. If consolidation of the fracture
occurs, this will rely on the condensed periosteal bone which acts as
a stabilizing cuff around the diaphysis at the osteotomy level.

In the former case, with less cortical damage, the nail will be
enclosed firmly, at the same time as bone is laid down in the osteotomy
gap. Under the second condition, when large cortical damage is present
this enclosing process is greatly delayed. Resorption forces are more
pronounced and there is a serious risk that the nail will became loose
before the circumferential repair is strong enough to maintain the
stability. Instability may then often result in pseudarthrosis.
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