
I Introduction 

When Eduard Albert introduced arthrodesis (a rthron a joint, desis bindin g 
toge ther) in 1882, he unquestionably provided orthopaedics w ith a valuable 
method of treatment. 
Th e same principle of eliminating function by achieving a bony union 
between vertebra l segments was presented in 1886 by Wilkins. 
Since that time, the fi xation of vertebral segments (spondylodesis, an­
chylosing operat ion of the spine, gra fting of the spine, fu sion) has been a 
much used surgica l treatment. The operation was appli ed early to tu­
berculous spondy liti s a nd ve rtebral fractu res. Subsequently the indi cations 
were exten ded to compri se various types of deformiti es and states of pain, 
which it was held, were induced by mechanical di turbances in the mobile 
junctions between vertebrae. 
The manner of performing the operation has been gradually modified, 
the aim being to a rrive at th e technique which would be most likely to 
ensure a bony union. The resultant mechani cal stab ility has been questio­
ned from time to time, but, as a rul e, healed fusion has been regarded 
as sy nony mous with a good clinical result. Considerable attention ha 
been paid to the healing of the spinal graft, whereas little has been done 
to in vestigate the fusion's mechanical effi ciency. 
Part of the diffi culty in developing a surgical technique for spinal fu sion 
is that the movements between two ve rtebrae involve three elements, 
the di sc an d the two intervertebral joints. TI1e surgeon is thus faced with 
the choice of either attempting to fu se the posterior elements to a greater 
or lesser extent (posterior fusion) or, by excision of the disc, attempt 
to estab lish a direct connection between the vertebrae (interbody fu sion) . 
There are advantages and disad vantages with both methods. In relation 
to the disc, dorsal fusion is an extraarticular spondylodesis and its mecha­
nical potential for relieving the disc has been called in question. Conse­
quently, the fu sion has come to include more and more of the vertebral 
a rches, i.e. the spinous, articu la r and transverse processes. 111e attraction 
of interbody fu sion, on the other hand, is that it both permits extirpation 
of disc ti ssue, w hich has been regarded as the site of pathological changes, 
and provides large areas of spongy substance for the fusion . 
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Discussion concerning the choice of method has concentrated upon the 
compli cations presented by imperfec t healing and also upon failure 
co relieve pain. 
In the present study, experiments have been conducted on autopsy speci­
mens from the lumba r spine. The idea was to study how vertebrae move 
in relation to on e a nother when loaded vertically and also to assess the 
stabi liz ing effect of various typ es of dorsal fu sion. 
The purpose of the experiments was to develop a method for simulating 
posterio r lumbar fu sion in accordance w ith a number of the principle 
techniques and to investigate the effect of vertical load ing. Equipment was 
des igned fo r measuring and registering deformations in ve rtebrae and discs, 
w ith comparisons under identical loading conditions between intact speci­
mens and the same specimens subjected to simulated fusion or some other 
a lteration. By applying eccentric loads, the vertebral segment could be 
made to adopt positions of equi librium corresponding to extension, fl exion 
a nd lateral bending. 
During the loading experiments, recordings were made of the intrad iscal 
pressure as well as of the deformations which arose in and between the 
various parts of the vertebrae. The mathemat ical units expressin g the 
for e applied and the deform at ions measured have been selected w ith 
a v i w to facilitating compa risons between specimens from different 
individua ls. 
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II Revue of literature 

Development of fusion operations 

Surgical technique 
In the first operations to stabilize the spine, w ires were looped around 
lamin ae and spinous processes (Wilkins, 1886; Hadra, 1891 ; Chipault, 
(1900) . On the grounds that the wire loops could not cope with the 
mechanical strains in the spi ne, Lange 1910- 1911 preferred to fit steel 
rods paraspinally, a method which he tri ed out for several yea rs in 
a nim al experiments as we ll as clinically on man. 

Then, in 1911 , several methods were reported for bridging posterior parts 
of the ve rtebral arch wi th bone. In Albee's operation, a tibi al gra ft is 
in erted into a split in the spinous processes. H enle advocated pl ac ing a 
tibia l gra ft on either side of the spinous processes (para pin al I y), considering 
it an ad vantage that the laminae are thereby included in the bon y union. 
Similar methods were described by Whitman (1911) and de Quervain 
(1912) . A somewhat different principle involved division of the spinous 
processes and downward fracture of bony fl aps to intcrdi gita te between 
the laminae below (Hibbs, 1911 ). 
Numerous modifications and combinations of these methods were publi shed 
during the next few yea rs, one of which in volved fusion between laminae 
by ch iselling out the base of the spinous process and inserting a tibial 
graft (Halstead, 1915 ). Hibbs (1918) . exten ded his method to include 
a rthrodesis of the intervcrteb ra l joints by curettage of the joint cartilage. 
Fixation of the primary graft was improved by resecting the spinous 
processes and downward fr acture of bony fl aps to interdigitate between 
the adj acent healthy spinous processes (Waygiel, 1922). H aving resected 
the base of the spinous process, the tibial graft could be embedded in 
the laminae (Calve & Gal land, 1920). A further development was to 
shape the tibial graft like a fish tail or clothes-pin to fit in between the 
spinous processes (Gibson, 1931 ). Similarl y, a massive H -shaped graft 
was taken from the ilium and reinforced w ith iliac strips to include the 
intervertebral joints (Bosworth, 1942, 1945, 1952), a technique which 
has been applied by severa l authors (Blount, 1942; Breck & Basom, 1943). 
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The importance of widening the intervertebral space dorsally has been 
emphasised (e.g. Bosworth, 1942; Breck & Basom, 1943; McBride, 1949), 
the last of these authors using a "mortised transfacet bone block" in order 
to achieve a primary stability that will permit early mobilisation of the 
patient. Other means which have been tried to this end are screws through 
the articular facets (King, 1948), a paraspinal metal plate and matching 
graft (Straub, 1949; Wilson & Straub, 1952) and double metal plates 
fjxed by bolts and nuts through the spinal processes (Will iams, 1950). 
Combined lumbosacral and sacro-iliac fusion has been recommended by 
several writers (Smith-Petersen, 1924; Chandler, 1929; Campbell, 1930). 
In a modification of Hibbs' technique, transplants were placed between 
the tran verse processes (Mathieau & Demirleau, 1936; Watkin , 1953; 
Adkins, 1955; Truchly & Thompson, 1962; Wiltse, 1964). 
A method for interbody fusion was published in 1936 by Mercer, who 
had tried it out in two cases: using a dorsal approach, the dorsa l part of 
the disc and the adjacent vertebral surfaces are resected and two iliac 
transplants are wedged into the space thereby created. (This method has 
subsequently been adopted by Owens & Williams, 1945; Jaslow, 1946; 
James & Nisbeth, 1953; Cloward, 1953; DuToit, Domisse & Muller, 1956; 

omi se, 1959.) 
As early as 1923 tuberculous spondylitis was treated with radical resection 
from a transabdominal approach and tibial grafts in the defect (cf. Ito, 
T uchia & Asami, 1934). This method has recently been advocated by 
Fellander (1955, 1965) and Stock (1962). 
Another proposal for interbody ~rthrodesis with a ventral approach called 
for a tibial graft in a borehole through the 5th lumbar to the 1st sacral 
vertebra (Capener, 1932). Thi was put into practice by Burns (1933 ), 
Jenkins (1936), Speed (1938) and Friberg (1939). A similar fixation has 
been obtained with two fibular grafts and a screw introduced prismati­
cally in different planes (Henschen, 1942) and with three-flanged nails 
(Ramser, 1943 ). Another method involves radical excision of the disc from 
a ventral, transperitoneal approach and its replacement with a U-shaped 
heterologous transplant, which is kept in place with vertical grafts 
(Lane & Moore, 1948). This method has been further developed (Harmon, 
1959, 1962; Sacks, 1962, 1965; Raney and Adam~, 1962). 
Very good results have been reported for a combination of interbody and 
posterior fusion in one session (Harmon, 1963) . 
In this development of surgical techniques there is a trend towards in­
creasingly massive fusions, incorporating more and more of the two 
vertebrae. Although the reasons behind the modifications are not always 
stated explicitely, the primary aim has presumably been to achieve greater 
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mechanica l stabi lity and thereby ensure healing and improve the clinical 
resu lt. In principle, four surgical techniques have emerged : 

· 1. Bony union between spinal processes (Albee, Henle and others). 
2. Fusion includin g a rches and intervertebral joints (Hibbs, Bosworth 

and others). 
3. Fusion comprising the en tire vertebral arch, i.e. including the transverse 

processes (Math ieau & Demirleau; Boucher & Vancouver; Watki ns; 
Wiltse and others). 

4. Interbody fusion from dorsal (Mercer; Cloward) or ventra l approach 
(Lane & More; Harmon and others). 

Special indications for fusion 

Tr.eberculous spondylitis. 
In the early years of this century, fusion was chiefly used for tuber­
culous spondylitis and to some extent for vertebra l fractures, i. e. 
conditions with defects in the supporting bony structure and a danger 
of progressive spinal deformities. In such cases the graft had to be ab le 
to carry practically the entire load placed upon the spine, particu larly 
after forced reduction as proposed by Calot (1905 ). Successive correction 
over a long period (Waldenstrom, 1924) followed by surgical grafting 
in a quiet phase was reported to give good results. Yet, as Biesalski (1923) 
points out, in spite of the favourab le reports from America, many surgeons 
in Germany rejected surgical grafting for tuberculous spondylitis. Bicsalski 
believed that opinions differed so widely because the operation was per­
formed without fixed indications. He considers that one cannot both 

' unload and fix the spine but only achieve a certain compromise. The 
on ly way of demonstrating the effect of a grafting operation, accord in g to 
Bachlechner (1921), is by post mortem studies. Taking a specimen from 
a 5-year old boy who had died of milliary tuberculosis 8 weeks a fter 
the operation, he showed that the graft formed a firm union. With the 
transverse process of T 11 placed against the articular process of T 12, 
a ll flexion was prevented and the graft was subject to traction only, .not to 
flexion forces. Investigating ten specimens, p artly healed and partly 
resorbed, after fusion according to Albee or Henle, Biesalski (1923) found 
that in no case had the graft grown longer or broader and was in many 
in stances wafe r-thin. Roeren (1924) questioned the use of a graft, since it 
prevents contact and spontaneous union between the vertebra l bodies. He 
a llowed that the graft may be well suited to carry bending forces in the 
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sagittal plane, but doubted whether this was equally true for rotation 
about the longitndinal axis. H e preferred Hibbs' method, argu ing that 
fu sion accordin g to Albee made a lever too long in relation to the static 
force : " The nearer the fu sion approximates the vertebra l body the sooner 
it is able to fullfill its task." The same objections have been made by 
Whitm an (1911), Bachlechner (1921) and Hoffman (1925). According to 
H enle (1926), the technique developed by H alstead (1915) has the di sad­
vantage that the graft has its small es t ctoss-section in th e fronta l plane 
and is thus inferior to a paraspinal graft in preventing fl exion and 
extension. Lange's origina l site for the meta l rods was criticised by v . 
Baeyer (1922), however, as being too close to the segment's axis; conse­
quentl y, he shaped celluloid rods to fit against the apex of the spinous 
process. 
Most authors at this time recommend tha t fusion for spondylitis should 
include at least one healthy vertebra on each side of the affected segment. 
Along with Roeren, however, Calve & Galland (1920, 1936) stress the 
importance of direct contact between the vertebra l bodies; they favour a 
short fu sion - invol ving diseased vertebrae only and without any correc­
tion. The gibbus thereby can be compensated in adj acent healthy seg­
ments. They place the graft as far ventrally as possible and anchylose or 
chisel off the intervertebral joints, which serve as a fulcrum for the de­
formity. On the basis of 23 operated cases of spondylitis and an autopsy 
specimen, Joisten (1929) concluded that the fusion, unable to withstand 
the deformin g forces, had been transform ed to correspond to the healed 
kypho is, so that his patients could have been spared the operation . Of 
the 76 orthopaedic surgeons in Europe who answered a questionnaire, 
Schmieden (1930) found that 8 supported the method (Henle, Albee), 
38 in isol ated cased, 17 were not interested and 13 were defi nitely 
opposed . 
It is said th at dorsal fusion doe not accelerate bony union between the 
vertebral bodies by means of ventra l growth and depends entirely upon 
the type of infec tion focus (Pu ig Guri , 1947). Union is achi eved soonest 
with a focus close to the edges of the bodi es ; it never takes less than a 
year to form, however, and is seldom complete in under 3-4 years. 
In an X-ray examination of 507 cases of operated spondylitis, Alvik 
(1949) detected mobility (max. 9° ) even though fusion had been achieved 
without complications involving the graft. H e ascribed this mobility to 
the elasticity of the graft, spinous process and a rches, arguing that for 
complete stability the fu sion must include as much of the posterior segment 

as possible. 
A study has been made of all the cases of spondylitis which have been 
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operated upon at the New York Orthopaedi c Hospital, - 1,009 cases 
up to 1947 (Hallock & Jones, 1954). 210 patients operated upon from 
1911 - 1915 were previously studied by Hibbs (1918). 286 pat ients 
operated upon from 1915- 1920 were reported by Hibbs & Risser (1928) . 
Swift (1940) reported on 817 cases operated upon from 191 8-1930. "The 
presence of solid fusion may not prevent increasing spinal deformity. The 
amou nt of the deformity was direct ly proportional to the degree of 
destruction of the vertebral bodies. In none of the patients did the fu sion 
hold apart the diseased vertebrae for a prolonged period of time." 
Having used dorsa l fusion for tuberculous spondylitis up to 1955, Stock 
(1962) found the results far from satisfactory. Consequently, 418 cases 
were treated in 1955-60 by radical extirpation and interbody fu sion, 
using a ventra l approach. It did not take lon g for the fusion to become 
stab le, a nd the patient could be allowed up even earl ier, sin ce the load on 
the spine stimul ated hypertrophy of the graft and accelerated heali ng. 
Only 17 per cent of the results were good with dorsal fusion, (cf. Cleve­
land 55 per cent and Swett less than 40 per cent), whereas interbody 
fusion produced a solid union in 90-95 per cent. 

Fractures. 
The considerations governing surgery for fractures of the spine have been 
much the same as those for spon dyliti s. There is a tendency to fun ctional 
treatment of stable fractures with ea rl y mobilisation, whil e surgery is 
considered for unstable fractures (liable to di slocate) . It has been argued 
that unstable fractures should in principle be protected until spontaneous 
anterior fusion develops (Nicoll, 1949) ; out of ten miners with unstable, 
dislocated fractures treated conservatively seven made a complete re­
covery, whereas none of those undergoing arthrodesis returned to a coal­
face job; "posterior fusion is mechanically less sou nd because the graft is 
under tension instead of compression". Watson-Jones (1955) agrees w ith 
Nicoll that the ideal end result is solid fusion but notes th at, as thi s takes 
several years to achieve and the patient is an invalid du ring this period, 
rehabi litation becomes a serious problem. He therefore prefers early dorsal 
fu sion accordin g to Hibbs, including the intervertebral joints and w ith 
additional crista bone chips. Spinal metal plates have been reported to be 
"safe an d effective" (Holdsworth & Hardy, 1953) and to arrest the deve­
lopment of a gibbus (Pennybacker, 1953 ; Dick, 1953). Subsequently, 
however, it has been shown that metal plates do not prevent gibbus, as 
w itnessed by the finding of loosened plates, screws and bolts, while several 
cases with post-operative progressive nerve symptoms suggest that the 
method cannot be regarded as "safe" (Guttman, 1959). 
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S pondylolisthesis. 
During the Twenties and the Thirties special attention was paid to anoma­
lies and deformiti es in the lumbosacral angle (Johanson, 1920; Willis, 
1924, 1941; Schamburow, 1926; Wiles, 1935; Kimberley, 1937) and in 
pa rticul ar spondylolisthesis. Rayerson (1932) reports that he operated on 
the first case of spond ylol isthesis in 1911. Albee (1927) reports th at without 
exception, the results were most gratifying in the eight cases in which he 
employed hi s operation for spondylolisthesis. The latter's report, how­
ever, is described as summary and unconvincing by Mouchet & Roederer 
(1927), who ask how this dorsal gra ft can ensure fusion "in cases of 
spondy lolisthesis where the dislocation affects the vertebral body" and 
suggest pl ac ing the gra ft between the articula r processes of the adjacent in­
fer ior and superior ve rtebrae. Sa lmon & Contiades (1933) beli eve th at once 
dislocation ha sta rted, it is a lmost bound to continue owing to the body 
weight and the oblique position of the sacrum ; the operation should 
aim at changing the lin e of force from the superimposed body weight and 
preventin g luxa tion of L 5. They consider that the transp lant meets 
these requirements indirec tly by carrying p art of the body weight behind the 
laminae from L 3 - 1. Albee's method is criticised for in fe rior adaptation 
to pronounced lordosis and a poor attachment to the sacrum. They find it 
I gical to try to fi x the spine as close to the centre of gravity as possib le 
(according t ampbell and Lance&Aurousseau) but consider that the tech­
nique i too difficult ; instead, they recommend bil ateral paraspinal gra ftin g 
ac rding t H enle. 
Arguin g that a dor al transpl ant has an insufficient mechanical efficiency 
in spond ylolisthesis, Capener (1932) proposed direct fi xation of the displa­
ced vertebra l body. This started the d evelopment of interbody fusion 
(Burns, 1933 ; Mercer, 1936; J enkins, 1936; F riberg, 1939; Gjessing, 1951; 
d'Aubignc, 1952; Laurent, 1958). Friberg (1939) questioned " the justifi- ' 
cation for placing the transplant far ventrally", since thi s gives it a 
shorter I ver . H e points out that an arthrodesis in the intervertebral joints 
cannot prevent slipping in spondy lolisthesis because it does not affect 
the slipped anterior fragment. However, he also demonstrates that slip­
ping does not occur in the adult, so that surgery on this indication cannot 
be justified except possibly for children. His investigation showed that 
the pain-easing effect is only slightly greater for surgical than for con­
servative treatment. "No parallelism between the roentgen-anatomic and 
functiona l results has been seen; good functional results were observed 
when the transplants were fractured or resorbed, and poor results when 
the gra fts were well fused .... In adults, the effect of the Albee graft 
is not due to its taking on any of the body weight or to its preventing 
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the slipping (since slipping does not occur); but in its producing an 
extraarticu lar arthrodesis on the intervertebral joints ... " . On the basis 
of 50 cases of spondylolisthesis in the age range 5-20 years and 110 
operated cases over 20 years of age, ·Taillard (1955) concluded that the 
transp lant cannot prevent slipping or mobility in the segment but that 
a bony union does have a good effect on the pain. Young girls w ith a 
pronounced wedge-shaped L 5 and a convex sacral base are li ab le to 

progressive slipping, which would justify anterior fusion in such cases. 
Discouraging results with dorsal transplants and metal plates for spon­
dylolisthesis have been reported by d'Aubigne (1952) who considered it 
more logical to undertake interbod y fusion and reported good functional 
results w ith a transperitoneal approach in 16 cases. In one out of five cases 
of ventral fusion, Sicard (1952) accidentally penetrated the cauda equin a 
with a screw, causing neurological disorders; he argues that, since dorsal 
fusion gives good rest1lts, young people with a purely functiona l condition 
should not be exposed to the risk inherent in ventral fusion. A modified 
operation for spondylolisthesis has been developed by Marino-Zucco 
(described by Montiselli & Maresca, 1957): The loose arch is temporarily 
removed, the superior and inferior facets are denuded of carti lage and 
the pseudoarthrosis is excised . Costa) strip are placed between the inter­
vertebra l joints and the loose arch is refixed with short screws through 
both transplant and facet. Boucher & Vancouver (1959) recommend 
fixation with lon g screws pointing ventra lly distally and latera ll y, so 
that they penetrate the vertebral body and the alae of the ilium respec­
tive ly via the pedicles. 
Chaklin (1937) used a paravertebral approach for interbody fusion in 6 
cases of spondylolisthesis. Hirsch (1966) has described a method for 
ventra l, extradiscal bridging from L. 5 to the sacrum, used successfu lly 
on 3 young gi rl s with pronounced slipping. 
A few cases of spondylolisthesis have been successfu lly reduced but 
subsequently became dislocated again in spite of fusion (Watson-Jones, 
1938; F riberg, 1939). Treatment by open reduction and interbody 
osteosynthesis has been reported in 6 cases (Denecke, 1957). The sacrum 
was exposed from a dorsal incision and from an incision between the 
rectum and sacrum, the disc was extirpated together with a wedge-shaped 
segment of the sacrum and L 5, after which L 5 was forced into place wi th 
a special clamp and fixed with two screws from S 2 to L 3. This method 
met with considerable opposition on the grounds that the extent and 
ri sks of the operation were out of proportion to the patient's disorder 
(Erlacher, 1957). 
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Scoliosis. 
The surgical treatment of scoliosis (idiopathic as well as paralytic and 
congenita l) is faced wi th special problems owing to the progression that 
occurs during growth (Risser & Ferguson, 1936 ). There is a tendency to 
increased torsiona l deformity with Albee's graft in growing individuals, 
since the transplant does not grow in step with the spine itself (Tavernier, 
1934 ). The method used most for scoliosis has been Hibbs' fu sion (Hibbs, 
1924; Hibbs, Ri sser & Ferguson, 1931 ). In a report on 117 cases of scoliosis 
operated according to Steindler, i.e. a combination of Hibbs' and Albee's 
methods, an X-ray examination showed that pseudoarthrosis had deve­
loped in 68.3 per cent of the entire series an d in 83 per cent of the 80 
cases involvi ng the lumbar spine; the pseudoarthroses healed spontaneously 
when the patients had grown up and the scoliosis had spontaneously 
tabilised (Ponseti & Friedman, 1950). In a series of 208 cases operated on 

according to Hibbs at the New York Orthopaedic Hospital, the incidence 
of pseudarthrosis as demonst rated at re-operation was 12.9 per cent for 
idiopathic scoliosis and 33.3 per cent for paralytic (J6nsson, 1953). Five 
years after the operation, 65 per cent of the cases had lost not more 
than one-tenth of the primary correction whil e the remainder had lost 
more than one-tenth. Gruca (1958) held that passive methods are incapable 
f arresting scoliosis in growing individuals wi th muscular imbalance; 

union was not achieved in any of the cases in which an attempt was 
made to prevent progress of the scoliosis by transplanting a rib along th e 
transver e processes. At the same time he regards extensive massive fusion 
as unphysiological therapy for children. He therefore aims at a dynamic 
balance of the forces in the spine, which he achieves by means of steel 1 

springs between the spinous processes; if the scol iosis is pronounced, 
distraction with turn-buckles is also employed. An other corrective 
technique, w ith lon g, powerful steel rods and hooks between the lamina, ) 
has been used by H arrington since 1955. A combination of Hibbs' and 

obb's method (Cobb, 1952, does not aim at ankylosis of the inter­
vertebral joints but adds autogenous bone) has been reported by Moe I 
(1958), who ascribes Io's of primary correction to pseudoarthrosis or too 
short a fusion. The co rrection achieved in a series of 266 patients was 
40-45° and roughl y half of this for pseudoarthrosis. With the technique 
he used early on, the inci dence of pseudoarthrosis was 56 per cent for 
idiopathic scoliosis and 65 per cent for paralytic. Later, w ith Cobb's 
method, the former figure was reduced to 7 per cent and the latter to 36 
per cent (subsequently to 14 per cent by including the facets). In the 
discussion after Moe's paper, Blount pointed out that by improvement's 
in technique, Moe had managed to reduce the incidence of pseudoarthrosis: 

10 



"To be truly strong the fusion area should extend from the cartilaginous 
cap of one transverse process across to the cartilaginous cap of the other 
and should extend anteriorly to include the articular facets . This rod of 
bone must be of sufficient diameter to resist bending forces that produce 
stress fractures months or years later." According to Blount, the treatment 
of scoliosis cannot be regarded as sati sfactory until pscudoarthrosis has 
been almost entirely eliminated. Blount et al. (1958) hold that surgery 
is indicated for progressive scoliosis irrespective of age. Although fusion in 
chi ldren admittedly inhibits growth, this is preferable to the effects of 
progressive gibbus. They have not noted any significant increase of the 
scoliosis after fusion. 

Low back pain. 
Even before the spread of disc surgery in the nineteen thirties(Mixter&Barr, 
1934) good results were reported with lumbar fusion for low back pain 
with or without sciatica. In many cases, the back pain was attributed to 
some congen ital defect or anomaly demonstrated by roentgenography 
and held to cause lumbosacral instability (Johanson, 1920; Schamburow, 
1926; C handler, 1929; Hibbs & Swift, 1929; Ferguson, 1934; Wagner, 
1935 ; Kimberley, 1937). 
It was emphasised that fu sion may be indicated for persistent back pain 
even though the X-ray findings may be negative (Schamburow, 1926). 
Williams& Yglesias (1933) held that a lowered inters pace causes subluxation 
in the intervertebral joints and constriction in the foram in a; the nerve 
is pressed against the facets, eliciting pai n which increases with move­
ment. They accordingly recommend fusion and, if the sciatica persists, 
facetectomy. Ghormley (1933) pointed out that arthritic changes are 
common in the intervertebral joints and are presumably bound to elicit 
discomfort in the same way as in other articulations, i.e. aching, pain on 
movement, swelling and fixation. He argued that the lumbosacral facets, 
which are positioned to prevent ventral displacement, are particu larly 
exposed to continuous strain in their role as stabilisers of the spine. His 
recommen dation is fusion according to Hibbs. Asymmetric facets as a 
cause of lumbosacral pain with or without sciatica has been discussed 
by Goldthwaith (1911), Danforth (1925), Putti (1927), Brailsford (1928-
1929), Ayers (1935) and Key (1948). Chandler (1929) noted that, after 
fu sion, sc iatica disappeared to a lesser extent than did back pain. During 

1 
a wave of enthusiasm, practically all low back pain with and without 
sciatica was attributed to prolapse of a disc (Dandy, 1941, 1944; Young 
& Burns, 1951, and others). It was found, however, that the back pain 
often persisted with a higher frequency than the sciatica after simple 

11 



extirpa tion of the di sc [Briggs & Milligan (1944), Friberg & Hirsch 
(1946 ), Ghormley (1957), Hirsch & Nachemson (1963 )] and fu sion was 
once again consi.dered. Persistent back pain was reported in 38.5 per cent 
of 217 disc operati ns at the Mayo Clinic and fu sion was recommended 
as a secondary measure in special cases (Love 1947). F riberg & Hirsch 
(1946) note that disc degenera tion is a common condition which is only 
occasionally complicated by prol~pse. Surgery for a prolapsed disc simply 
means that the pressure on the root is temoved, w hile the pathological 
changes in the di sc are left unchanged. They noted a 30 per cent incidence 
of per istent sp ina l ailments and recommended fu sion as a seconda ry 
procedure fo r persi tent back pain s o r as a p r imary measure for severe 
lumbago with a negative myelogram and exploration. Armstrong (19S8) 
w rites that, in theory, it would be best to perform arthrodesis immediately 
in all cases as a combined operation, but adds that "demonstrative better 
re ults than those following simple removal of the nucleus cannot be sup­
ported by the publi hed results of opera ted series. In fac t, th e results 
f ex tirpation of th e nucleu combined with immedi ate a rthrodesis 
cem to be if anyth ing 'a littl e worse than those produced by simple remo­

val of the diseased nucleus." Consequently, Armstrong reserves fusion 
" for a late and second stage procedure in se lected patients". A combined 

perati n p roduced good results in only 14 per cent of the cases in an 
insurance c mpany' records (Marble & Bishop, 1945). Bony union 
was achi.eved in only a few out of 100 cases of dorsal interbody fusion 
but the clinical results were held to justify the method (Du Toit, Domisse 
& MUiler, 1956). ut of 50 pa tients undergoing lumbosacral fusion, 14 
had b ney un ion and 8 were pleased with the result (Attenborough, 1955). 
Bony fu sion has been said to result in such complete immobil isation, 
that prolapse of a disc cannot occur within the fu sion (Ghormley, 1933; 

an dy, 1944; U nander- harin , 1950; Cloward, 1953). Yet prolapse of 
a disc after bony fusion has been de cribed by several writers (Love, 1947; 
Hensell , 1958). 

Pseudoarthrosis 

In p ractice, the only way of assessing osseous union after surgical fu sion 
is by X-ray examination. Some uncertain ty remains, however, even after 
fun ctional test with fl exion, ex tension and lateral fl exion (Kimberley, 
1937; Bo worth , 1945, 1952; Carr & H yatt, 1955; McBride & horbe, 
1958; Domisse, 1959; O verton, 1959). A definite assessment can be made 
onl y by exploration Smith, 1923; J 6nsson, 1953 ; Watkin s, 1953, 1959; 
Thompson & Ra lston , 1949 ; Rolander, 1964). 
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Table 1. Pseudoarthrosis in fusion of L 4 - S 1. 

Author 
Kimberley (1937) 
Cleveland, Bosworth & 

No. of 
operations 

93 

Thompson (1948) 
Thompson & Ralston 
Thompson & Ralston 
Straub (1949) 

357 
(1949) J 69 
(1949) 40 . 

80 

Unander-Scharin 1950 b 80 
Unander-Scharin 1950 b 18 
Unander- Scharin 1950 b 7 
Smith 1952 123 
Watkins (1953) 10 
Hellstadius (1954) 57 
Shaw & Taylor (1956) 55 
McBride & Shorbe (1958) 77 
Truchly & Thompson (1961) 41 
Howorth (1964) 33 

Technique 
Hibbs 

H-graft 
Hibbs 
Transfacet sc rews 

Incidence 
of non-union 

(per cent) 
31.2 

17.4 
23.6 
55.1 

Wil son's plate and cortical 
graft 14 

Posterior, various methods 27,5 
H -graft 5.6 
Albee 88.9 
Hibbs 26 
Posterolateral, block 20 
H -gr:ift 27 
Only cortical 36 
Facet block 36 
Posterolateral, slivers 7.3 
Hibbs+ screws through 

the facets 36 

There is a wide va riation between reports concerning the risk of 
pseudoarthrosis as assessed from clinical follow-up examinations. Yet 
without bony union, the clinical result in the form of relief from pain 
is often relatively good. According to Cleveland, Bosworth & Thompson 
(1948), 42 per cent of the patients had no pain in spite of pseudoarthrosis, 
while 5 per cent had persistent pain notwi thstanding a bony union. 
Reporting 100 cases of fusion accord ing to Chandler (1929), Newman 
(1955) found that 88 per cent of those with bony union had good clinical 
results compared with 53 per cent of those w ith pseudoarthrosi s. Shaw & 
Taylor (1956) had good clinical resu lts in 77 per cent of cases with 
pseudoarthrosis. Good results in 97 per cent of cases with bony union and 
in 67 per cent of those with pseudoarthrosis are reported by Eie (1964). 
Unander-Scharin (1950) reports graft comp I ication s in 21 per cent of the 
cu red cases. At re-operation for suspected pseudoarthrosis, Thompson & 
Ra lston (1949) found bony union in 8 out of 59 cases. Rovig (1949) 
reported 7 healed fusions in a group of 11 reoperated patients. Rolander 
(1964) found 10 cases of bony union among 35 fu sions of L 4 - L 5 - S 1 
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re-operated for persistent ailments. Lange (1959) noted bony union with 
varying clinical results in 20 per cent out of 99 cases. 
The frequency of pseudoarthrosis is consistently reported to be lower for 
fusion of the lumbosacral segment only than for extensive fus ion. In a 
series of 230 cases, pseudoarthrosis was detected roentgenologically in 8.4 
per cent of the fusions involving one segment as against 24 .3 per cent of 
the two-segment fusions (Smith, 1952). For 251 cases with the facet 
block technique, McBride & Shorbe (1958) report figures of 9.5 and 36 
per cent respectively. Bosworth (1952) reported that pseudarthrosis 
occurred in 3.8 per cent of 79 cases of fusion of L 5 - 1 with an H -graft, 
11,2 per cent in 223 cases of fusion of L 4 - S 1 and 45.5 per cent of 11 
cases of fu ion of L 3 - S 1. 
Adkins (1955) writes that he has tried a variety of surgical techniques with 
discouraging results. Dorsal interbody fus ion appealed to him most in 
theory and he performed a series of 70 operations but found bony 
arthrodesi in only one case. A similar experience has been reported by 
McBride & Shorbe (195 8) . 

pondylolisthesis has been described as a complication of dorsal fusion 
(Unander-Scharin, 1950 a; Andersson, 1956; Harris & Wiley, 1963). 

Clinical results following fusion 

In order to make an objective assessment of the clinical effect of a 
method of treatment, comparisons must be made with an equivalent 
group of patients treated with some other method or left untreated. 
C mprehensive studies along these lines are lacking for lumbago. Attempts 
have however been made to select comparable groups retrospectively. 

arrel & McCracken (1941) studied the case reports for a series of 
patients treated with fusion during the years 1914-40 and selected those 
for which the data suggested the diagnosis of a prolapsed disc; this 
group was then compared with one treated later with combined extirpation 
of the prolapsed disc and fusion. There was no clear difference between 
the results. Another study concerned 503 patients from 1939-47 with 
the clinical diagnosis of prolapsed disc (Millikan, 1954); the prolapse was 
extirpated in 329 cases and 100 received conservative treatment. No dif­
ference was found in the end results. Surgery was suggested as a selective 
treatment for patients with progressive paresis and for those with conti­
nuous or intermittent attacks that are not affected by conservative therapy. 
Similarly, Soderberg (1956) made a retrospective selection of 92 patients 
who, if treated more recently, would certainly have been recommended 
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for operation on a prolapsed disc. This group was compared with a later 
series in which the diagnosis of prolapsed disc was confirmed at operation 
and treated with simple extirpation. Here, too, there was no definite 
difference between the long-term results. An "impartial study" by a 
research committe of the American Orthopaedic Association (Nach las, 
1952) concerned 918 patients who had been operated on for back ailments 
in va rious parts of the U.S.A. during the period 1941- 46. Of the patients 
available for a fo llow-up examination, 256 (group A) had been treated 
with simple extirpation of the prolapsed disc and 118 (group B) with a 
combined operation. The result was considered satisfactory for 59.80 per 
cent in group A and for 69.77 per cent in group B. The 10 per cent 
difference in sa tisfactory results is thus based upon selected material, 
with a follow-up of less than half of the individuals. In a study of 1,176 
cases with a simple (84.8 per cent) or a combined (15.2 per cent) operation, 
Gurdjian et al. (1961) report excellent or good results for 67 per cent of 
both groups. Young & Love (1959) found that the results of a combined 
operation were 20 per cent better than with simple disc extirpation but 
they point out that the difference is not statistically significant. 

General indications for fusion 

Indications for lumbar osteosynthesis have been reported by Poppem 
( 1945): primary fusion in prolapsed disc w ith predominant back ail­
ments, for signs of spinal instability, abnormal facets and particularly 
if the patient does heavy work. Platt (1948) recommends primary fusion 
at disc operation with a long history of back ache in patients with 
strenuous work. Pouyanne (1951) lists displaced vertebrae, limited arthros­
is, dissatisfactory results after disc operation, old and rebellious lumbar 
pain, and as a precaution in hard workers. Wilson & Straub (1952) gives 
spondylolisthesis, disc prolapse, congenital anomolies, osteo-arthritis, insta­
bility, spinal fractures. Humphries, Hawk & Berndt (1957): lumbar disc 
degeneration with disabling back pain precipitated by movement of the 
back and relieved by a supporting brace or by lying down. Morgan (1957) 
considers that primary instability is the most common cause of low back 
pain and usually indicates fusion . Newman (1959): instability and 
localised severe degeneration in a disc or intervertebral joint. Truchly 
& Thompson (1962): primary and secondary instability. Howorth (1963) 
considers that fusion is indicated when there is instability or anomal ies 
in the lumbosacral region with disabling pain unrelieved by adequate 
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conservative measures. O verton (1959) has summarised the indication s 
for fusion as follows : "One basic requisite for a candidate for fusion is the 
presence of some mechanical derangement in the area of the spine to be 
fu sed." 

Anatomical and physiological considerations 

The conditions for stabi lising a ligamentous lumbar spine are determined 
by the anatomical design and the mechanical properti es of the interverte­
bral discs, the various parts of the vertebrae and the material for osteo­
synthesis. For the descriptive and fun ctional anatomy the reader is referred 
to the appropriate tex tbooks (e.g. Fick, 1904; Strasser, 191 3; Braus, 1921 ; 
Raubcr & Kopsch, 1920; Gray, 1962). 
A motion segment (Junghanns, 1931) consists of two vertebrae and the 
intervertebral disc and ligaments between these. The vertebral body has 
a slightly concave sil houette and its horizonta l section is usually shaped 
like a kidney. When studying physical properti es, it should be noted 
that the cortical layer of th e body is strikingly thin and pierced, parti­
cula rly dorsally, by several nutrient foramina. The body's cranial and 
caudal surfaces a re fo rmed of concave, bony endpl ates. The border 
serves as a corti cal reinforcement for the attachment of the end-plate to 
the periphery of the body; it i thi ckest ventrally and laterally, becoming 
narrower dorsally. The hyaline end-plate delimits the di sc from the body 
of the vertebra. 
The annu lus is made up of concentric layers of collagenous fibres running 
helicoidally from one vertebral body to the next in such a way that the 
fibres in contiguous laminae lie at about 100° to each other (Horton 1958; 
N aylor, 1962; Galante & Hirsch, 1966). The fibres in the outer zone 
a ttach like Sharpey's fibre to the border of the vertebral body, while 
in the inner zone, they a re joined to the hyaline cartilage (Hirsch 
& Schajowicz 1952). The collagenous fibres which correspond to 
tho e in fascia and tendon ti ssue a re extremely strong and not very 
extensibl e (McMaster, 1933; Verzar, 1957, 1963). In the lumbar spine the 
annulus fibrosus is higher and thicker in front than behind (Todd & Pyle, 
1928; Joplin, 1935; Inman & Saunders, 1947). As a result, the centre of 
the nucleus pulposus lies somewhat dorsal to the geometric centre of the 
disc (Schmorl, 1927; Bohmig, 1931). The nucleus pulposus or inner core 
of the disc consists of a th ree-dimensional network of coll agen fibri ls 
enmeshed in a mucoprotein gel which contains various mucopolysaccha­
rides (Hirsch, Paulson, Sylv~n & Snellman, 1951; H appey, MacRae & 
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Naylor, 1953; Naylor, 1962). It occupies about 30-50 per cent of the 
disc's area of cross-section (Perey, 1957; Nachemson, 1960; Eie, 1966). 
In sections from young individuals it protrudes above the cut surface of 
the disc. This has been taken as a sign of an inner pressure (Fick, 1904; 
Joplin, 1935; and others), wh ich has been considered of decisive impor­
tance for the hydro-elastic function of the di sc (Roux, 1895; Calve & Gal­
land, 1930; Petter, 1933; Joplin, 1935; Charn ley, 1952). The cavity in the 
centre of the nucleus normally measures less than 1 cm3 but becomes 
larger in degenerated discs (von Luschka 1856, 1858; Schmorl, 1927; 
Tondury, 1955; Fernstrom, 1960; Abel & H armon, 1960; Teichert, 1962a), 
which may spontaneously appear to be filled with gas, i.e. the vacuum 
phenomenum at X-ray examination (Magnusson, 1937; Knutsson, 1940; 
Teichert, 1962 b), or be demonstrated by nucleography in vivo and on 
autopsy specimens (Hirsch, 1948; Lindblom, 1948, 1951; Hult, 1951, Roma­
nu s & Yden, 1952; Nord lander, Salen & Unander-Scharin, 1958; Abel & 
Harmon, 1960; Fernstrom, 1960; Teichert 1962 a). In young individuals 
the water content of the nucleus (approximately 80 per cent) is about 
10 per cent higher than that of the annu lus but the difference diminishes 
with increasing age and in disc degeneration parallels a relative in crease 
in the protein content (Pi.ischel, 1930; ylvcn, Hirsch, Paulson and 
Snellman, 1951; Naylor & Smare 1953; Bush, Horton, Smare and Naylor, 
1956; Mitchel l, Hendry & l3illewicz, 1961; Naylor, 1962). 
The disc is covered ventra lly by the anterior longitudina l ligament and 
dorsa lly by the thinner posterior lon gitudinal ligament. The vertebra l 
arches of the motion segments are connected by the arcuate li gaments 
the supraspinous, interspinous and intertransverse ligaments. The liga­
mentum flavum attaches to the ventra l surface of the articu lar processes 
and articular capsu les, forming the dorsal limit of the vertebral canal. 
It is chiefl y composed of highly elastic fibres (according to Krafka the 
modulus of elasticity of collagen fibres is 300 times that of elastic) . In 
the lumbar spine of the dog, the extensibi lity of the ligamentum flavum 
is 63 per cent and its tensile strength is 671 g/mm2 (Nunley, 1958). When 
the ligamentum flavum is sectioned horizontal ly it contracts (both in 
vivo at surgery and in dissection specimens), indi cati ng that the lumbar 
discs are subject to a prestress (Fick, 1904 ; Malmros, 1942; Akerblom, 
1948; Nachemson, 1960; Riga & Robacki, 1965). 

The other ligaments mentioned above consist chiefly of interlaci ng layers 
of collagenous fibrils and serve, together with the bony processes, as 
attachments for the spinal muscles. 
The intervertebral joints are true diarthroses. In the lumbar spine their 
surfaces are cylindrical, set chiefly in the sagittal plane though usually 
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narrowing somewhat towards the back. In front, the cranial facets enclose 
the caudal, thereby preventing ventral translation (horizontal displace­
ment, instabi lity) of the upper vertebra in each pair (McNab, 1950; Lewin, 
1964). Otherwise, the joints are designed to permit a relatively considerable 
degree of rotation around the sagittal and frontal and vertical axes 
(Giintz, 1934; Lewin, 1964, 1965). Like the intervertebral discs, the 
intervertebral joints are frequently the site of degenerative processes, 
which is one of the reasons why their load-bearing function has been 
di scussed (Giintz, 1934; Shore, 1935; Severin, 1943; Gianturco, 1944; 
Ingelmark, 1956; Kelly, 1958; Lewin, 1964 ). In general it has been 
considered that the intervertebral joints serve as guides for the motion 
segment (Fick, 1904; Keyes"& Compere, 1932; Armstrong, 1958; Nachem­
son, 1963). 
The nucleus pulposus has been reported to act as a fulcrum for the 
segment's rotation (Fick, 1904; Steindler, 1955), which has an inconstant 
(momentary) axis of movement, normally centering on the nucleus 
( ittmar, 1930) but displaced towards the intervertebral joints in disc 
degeneration (Gianturco, 1944; McNab, 1950). 

Nutrition and innervation of the vertebral body and disc. 
The vertebra l body is supplied by two arteries, which run laterally and 
backwards midway down the body of the vertebra, through the inter­
vcrtebral foramen and enter the dorsal aspect of the body. There are small 
caudad and cephalad periostal branches, while larger branches are given 
off to the articular capsule and vertebral arch (Hanson, 1926). Numerous 
capillaries run under the end-plate of the vertebral body with bran­
ches perpendicular to it (Virgin, 1958; Wiley & Trueta, 1959). 
In the embryo, the nucleus is supplied by a central axial artery running 
vertically from the osseous vertebra to the cartilaginous plate. There are 
al so marginal vessels dorsally and ventrally (Bohmig, 1931 ; Hirsch & Scha­
jowicz, 1952; Mineiro, 1965), which anastomose with one another and with 
the perichondral capillery system (Obermuth, 1930). The vessels become 
obliterated in the growing child, leaving scars in the hyaline end-plate. 
"The nucleus pulposus and the annulus fibrosus are completely without 
vessels during every phase of the individual's adult life" (Hirsch & 
Schajowicz, 1952). In the outer layers of the ligaments, there are a few 
small ves els but these do not penetrate the annulus. 
The innervation of the lumbar segment is provided by the meningeal 
branch, which runs recurrently through the intervertebral foramen and 
divides into a cephalad and a caudad branch behind the pedicle, 
supplying the ligaments and periostium as well as providing peri-
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vascular branches to the epidural region and dura mater. Posterior 
branches run to the transverse process and articular processes as well 
as along the arch to the interspinous ligament (Pedersen, Blunk & Gardner, 
1956). Tsukada (1938) reported neural elements in both the annulus 
fib rosus and the nucleus pulposus, while Roofe (1940) found them in 
the outer laye r of the annulus fibrosus. Most studies, however, confirm 
the presence of nerves in the longitudinal ligament but not in the annulus 
(Keyes & Compere, 1932; Coventry, Ghormley & Kernohan, 1945; Wi­
berg, 1949; Hirsch & Schajowicz, 1952; Mulligan, 1957; Jackson, 1966). 
Implantation of nucleus tissue in the rabbit produces an auto-immune 
response (Bobechko & Hirsch 1965) with local infl ammatory reaction. 
Rupture of the annulus fibrosus often leads to the form ation of granul ation 
tissue or fibrous connective tissue (Andrae, 1929; Eckert & Decker, 1947; 
Lindah l & Rexed, 1951), this can result in secondary vascularisation of 
the disc and might permit the ingrowth of accompanying nerves (Hirsch & 

Schajowicz, 1952). 
following improvements in staining techniqu es, the presence of sensible 
nerve endings in the peripheral parts of the annulus has been verified by 
Hirsch, Ingelmark & Miller (1963) using intravital methylene blue and 
by J ackson (1966) w ith cholinesterase and silver impregnation. Mi ller was 
a lso able to demonstrate nerve endings between the trabeculae of 
spongy bone. Milgram & Robinson (1966) showed nerve endings in 
the Havers ian system of cortical bone. Accordin g to Jackson (1966) the 
cartilaginous end-plates of the vertebral bodies are accompani ed by nerves 
terminating in very thin branches and frequently forming open loops in 
the vascular channels of th e cartilage plates. This may be of special interest 
in view of the frequent and early occurrence of degenerative foci located 
in the greatest concavity of the end-plate, (e.g. Dbermuth, 1930; Coventry, 
Ghormley & Kernohan, 1945; Tondury, 1955) . 

Previous studies of mobility and stability in the lumbar spine 

Studies of motion utilizing cadavers. 
The mobility of the spine has been repeatedly studi ed by means of 
measurements on cadavers ever since the time of Galen (for an extensive 
review see Andersson & Ekstrom, 1940-41 ). 
The initial position for measurements has been defined by Strasser (1913) 
as the static equilibrium adopted by the upper ve rtebral body when it is 
uninfluenced by external forces or muscular forces. H e determined the 
position of the upper body in relation to the sub-adjacent one in terms 
of the three angles between the mid-lines of the bodies projected in the 
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sagittal, the frontal and the horizontal planes. Virchow (1911, 1928) 
studied the segmental mobility on a ligamentous spine as follows: with the 
specimen's caudal vertebra held in the horizontal position, plaster casts 
were made of the specimen in the mid-position as well as after manual 
flexion and extension. The specimen was then divided in the sagittal plane 
and macerated, after which the section surfaces were painted white and 
marked with a sagittal line. The two halves of the specimen could now 
be placed separately in the plaster casts and moved between the three 
positions while measuring the change in angle. Virchow allows that the 
method is laborious, for which reason he only examined one specimen, 
only a part of the spine and only in the sagittal plane. Andersson & 
El Strom (1940-41) measured the range of movement for individual 
lumbar segments in the sagittal and frontal planes, using three specim ens 
and varying loads. The range of movement was transferred onto a scale 
by means of a small mirror fitted ventrally and latera lly respectively 
in the periphery of the vertebral body. These authors point out that 
previous results were somewhat arb itrary because the movement was 
obtained manually with a variation in the strength of the examiner's 
arm, o that the specimen's elastic limit was either not reached or exceeded. 
It proved difficult to achi eve rotation in a well defined plane. The tota l 
movement (-5° to + 12°) was partly dependent upon the elasticity of 
the vertebral bodies. Rotation was found to occur around varying momen­
tary axes, the positions of which were not determined. 
Fi cl (1904) compared the mobility of the spine with the deformation of 
an elastic rod, the flexibility of which in all directions is directly 
pr portional tO the square of the height and inversely proportional to 
the square of the area of cross-section or the fourth power of the diameter. 
Lucas & Bresler (1961) determined the theoretical critical load (Per) for 
a segmental column composed of alternating rigid and elastic elements 
and found good agreement with the empirical values for three human 
ligamentous spines. Pcr= l.95-2.62 kg for the entire spine fixed at the 
sacrum only; with the upper vertebral body supported, this value is 
increased about tenfold.1 They a lso calculated rotation/ moment ratios for 
various levels of the spine. Evans & Lissner (1959, 1965) determined the 
energy absorbtion when specimens were loaded vertically and transversally. 
The highest value was found for vertical loading, with an average of 300 
inch pounds (3.4 kgm). Ruff (1950) reported a figure of 4.5 kgm for 
specimens comprising six vertebrae and demonstrated that the moment of 
inertia is greater for flexion than for lateral bending. 

1 The critical load is the vertical load that causes stability failure or buckling of the rod 
(the spine). 
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Roentgenologic studies of mo tion in vivo. 
The normal movement of the spine in vivo has been studied roentgenolo­
gicall y by a large number of authors (Calve & Lelievre, 1913; Junghanns, 
1931; Backe, 1931; Dittmar, 1930- 31 a, 1931 b ; Elward , 1939; Alvik , 
1949; Tanz, 1953; Leger, 1956 ; Allbrock, 1957; Scha limtzek, 1958; and 
others; see Table 2). A reliable assessment calls for extremely refined 
techniques. Subluxation between lumbar vertebral bodi es with neural 
arches intact (pseudospondy loli sthesis, retro- and anteposition) have been 
demonstrated by e.g. Junghanns (1931) , John son (1934) , Smith (1934) , 
Severin (1943), Knutsson (1944) , Melamed & An sfi eld (1947) and H agel­
stam (1949) and horizontal transla tion (instabi lity) by Knutsson (1 944 ), 
Gianturco (1944), Fletcher (1947) and Scha limtzek (1958). Knutsson (1944) 
considers that instability is an early sign of di sc degeneration. Willis (193 5) 
deni es the occurrence of " backward displ acement", which he considers 
to be an optica l illusion . In X-ray examin ations during movement in the 
sagittal plane, H agelstam found up to 2 mm horizonta l translation in 
norm a l cases ; instability was demonstra ted in case of lumbago-sciati ca, 
but seldom exceed ing 3 mm . Examining mo vement in the sagitta l and 
frontal p lanes in a single case, Dittmar (1930) showed that sagitta l and 
fronta l rota tion in the motion segment occur around different momenta ry 
axe . Hi s technique for assessi ng the roentgenograms is th e same in prin­
ciple as that previously used by Virchow for autopsy specimens. Dittma r's 
calculation s, however, a re based on the assumption that the ax is of 
motion, according to Fick, passes through the centre of the nucl eus, (located 
in the posterior third of the disc, according to Schmorl, 1928) . R ?ldberg 

1 (1954), in conjunction with discography, found that instabili ty di spl ayed 
before the injection (0.5 cc) d isappeared afterwards but cou ld be demon­
strated again 24 hours la ter. During discography Roaf (1960) found that 

1 the position of the nucleus in the disc is not changed by eccentric loading 
of the specimen. Mi.i ller (1933), in an X-ray study of ma lrota tion in 
scoliotic spines, found that there is a n appa rent la tera l displacement due 
to the (longer) fronta l diameter of one vertebral body being projected 

Table 2. Lumbar motion according to Backe, Dittmar and Leger. 

Bending forward Bending backward Bending to the side 
Level B. D. L. B. D. L. B. D . L. 
Ll -L2 2.0 3.0 6.5 6 .6 5.5 9.5 3.5 3.25 8.0 
L2-L3 3.0 8.3 10.5 8.0 4.0 7.5 4.0 2.75 9.0 
L3 -L4 3.0 8.3 12.5 9.0 5.5 5.0 5.4 5.75 9.5 
L4-L5 3.7 14.3 17.0 10.2 3.5 4.0 4.7 4.75 7.0 

1 L5-Sl 2.2 12.0 16.4 9.5 3.4 1.5 
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ov r the (shorter) sagi ttal diameter of the other. Using a model of the ' 
spine, Tidestrom (1958) demonstrated how combinations of movements 
in the sagittal and fronta l planes produce torsion in the spine without 
there being any rotation in the vertical axis of the segment. Hoag, Kosek 
& Moser (1960) have described a method for analysing movements 
in the spine, based upon Euler's theorum: If two solid bodies move in 
relation to one another in a plane, the movement can be described as a 
rotation in the plane about an axis perpendicular to this, the centre of 
the movement being obtained as the intersection of the normals to 
line connecting the respective positions of two arbitrary points in two 
phases of the movement. They found that a centre of movement calcul ated 
in this manner lay dorsal of the centre of the disc in flexion and ventral 
in extension. They determined the range of movement by superimposing 
three roentgenograms, representing the mid-position and the two extremes 
in the p lane. 

Role of the musculature. 
Electromyographic studies (Joseph, 1962; Asmussen & Klausen, 1962; 
I lausen, 1965 and N achemson, 1966) have shown that in the upright 
posture very slight muscular activity is required to balance the spine, which 
thus adopts a position of equilibrium when influenced solely by the super­
imposed body weight. In the sitting posture there is a kyphosis of the lumbar 
pine and backward rotation of the pelvis, so that the centre of gravity lies 

4.5-10 cm ventral to the sacral promontory. In the upright posture, 
the pelvis is rotated forwards with lordosis of the spine, so that the 
centre of gravity lies dorsal to the promontary (.Akerblom, 1948; Keegan, 
1953 and Leger 1959). Loading of the trunk in the upright posture 
straightens out the lordosis (Asmussen & Klausen, 1962). 
At the level of L 5, the superimposed body weight amounts to about 60 per 
cent of the total body weight (Ruff, 1950). The principles of simple levers 
have been applied to calculate the force required in the erector muscles 
to balance the body in forward flexion, The load on the disc of L 5 has 
been estimated by Strait, Inman & Ralston (1947) to five times the 
superimposed body weight. Similarly Steindler (1955) and Mattiash (1956) 
have calculated that a burden which is lifted with the body flexed and 
the arms hanging down exerts a load ten to thirty times as great on the 
lowest lumbar disc. Such calculations result in loads on the lumbar spine 
that are out of all proportion to its physical properties. 
When heavy weights are lifted from the floor, the electromyographic 
activity during the first phase is low in the erector spinae and very high 
in the abdominal muscles (Floyd & Silver, 1955; Morris, Benner & Lukas, 
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1962, Ikata, 1966) but the intrathoracic and intra-abdominal pressure, 
measured directly with a manometer, is greatly elevated (Dav is, 1956, 
1959 a, b; Bartelink, 1957; Morris, Lukas & Bresler, 1961; Eie & Wehn, 
1962) and this is calculated to relieve the load on the lumbar di scs by 
30-40 per cent. The aorta, too, has been held to play a considerable role 
in stabilizing and relieving the spine in vivo (Schantz, 1931). U si ng chrono­
cyclophotography, Davis et al. (1965) demonstrated that "lumbar mo ve­
ments usually consisted initially of slight flexion, being fo llowed by 
continuous lumbar extension ... When lifting with bent knees the del ay 
in onset of continuous lumbar extension was proportional to the weight of 
the load". 
The lumbar intradiscal pressure has been measured in va rious postures 
in vivo (Nachemson, 1965). Bending forwards from the upright posture 
(body weight 70 kg), the total load on the disc of L 3 was calcu lated to 

150 kg and was somewhat greater than this for the sitting posture bending 
forwards. When the subjetct held 10 kg in each hand, the load on the disc 
was increased by 70 kg. 

Previous studies of physical properties of vertebrae and discs 

Bone tissue and vertebral bodies. 
The reaction of bone to mechanical forces has been the subject of repeated 
study (for reviews see Evans, 1957, and Knese, 1958). Bone may be re­
garded as a heterogenous or anisotropic material, composed of coll agenous 
fibril s and apatite crystals, varying in its porosity and moi sture co ntent 

, (Dempster & Liddicoat, 1952). Bone has been described as a multiphase 
system comparable w ith concrete or fiberglass (Knese, 1958; Currey, 1964; 
Mack, 1964 ). Its structure is determined by the arrangement of the co l­
lagenous fibril s, the basic principle being the spiral. The individual fibrils 
lie in concentric layers, those in contiguous laminae lying at an obtuse 
angle to one another. Knese asserts that the collagenous fibril s in bone are 
prestressed. 
The physical properties of cortical bone have been investigated with 
reference to elasticity, viscosity and plasticity by Sedlin (1965) and by 
Sedlin & Hirsch (1966 ). These properties have been described by Sedl in 
in a rheologic model for cortical bone. 
In loading tests on a cube of spongy bone from an adult lumbar vertebra, 
Rauber (1876) reported a breaking strength of 84 kg/cm2• In loading 
tests on whole bodies from lumbar vertebrae, Messerer (1880) found that 
the breaking strength varied between 22 and 78 kg/cm2• The first 
satisfactory report of compression tests on a sizable material of vertebra l 
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bodies (52 vertebrae from 50 individuals) was published by Lange (1902). 
Each specimen consisted of three vertebral bodies (with the vertebral 
a rch removed) and the interm ediate intervertebral discs. The body at 
each end had its outer half sawn off horizonta lly and the specimen was 
loaded between two mutually independent metal plates, using a 250 kg 
lead weight whi ch was lowered onto the loadin g plate with a double­
a rmed lever. Two markers 13- 14 mm ap art were applied ventrally 
in the sagittal plane of the middle vertebral body. By placing an extenso­
meter against the two pi ns, the deform ation resulting from increments 
to the load could be read off from a scale between the long arms of the 
extensometer. Lange pointed out that his method gives the deformation 
between fi xed points in. the object measured and he rejected all methods 
that require the use of external reference points (e.g. a cathetometer, mirror 
devices, di al indi cator between the loading pl ates). After the test, the 
vertebra l body's a rea of cross-section was traeed and determined by 
weighing. The breaking strength varied between 15 and 56 kg/cm2 and 
the elasti limit between 5 and 30 kg/cm2• The modulus of elas t icity was 1 

calcul ated to approx. 12,000. It seems, that Lange was unable to avoid 
buckling of the specimens since the dista nce between the measurin g points 
sometim es increased. 
Gocke (1926, 1931) compressed lumbar vertebrae from autopsy specimens 
in an Amsler materi als testing machine and compi led stress-strain di a­
grams. Breaking strength was said to be 57- 70 kg/cm2 and the compression 
at the breaking point 15.5 per cent. The diagram was markedly S-shaped 
with a la rge initi a l deformation, suggesting adaptation at the loading 
surfaces (sin ce the deform ation was measured between the jaws of the 
loading apparatus). Fully comparable loading tests, with similar results 
have been undertaken by Perey (1957), Decoulx & Rieunau (1958) and 
Eie (1966). Ruff (1950) determined the ultimate st rength of specimens 
comprisin g three vertebrae and the intermediate discs. Because the 
specimens tended to j;ick-knife, the surfaces of the outer vertebrae were 
saw n obliquely so that only the ventral part of the vertebrae received 
the p rimary load. 
In loading tests on vertebrae with intermediate discs, the weakest pa rt 
of the system has proved to be the end-pl ate (Friberg, 1941; P erey, 1957; 
Brown, H ansen & Yorra, 1957; D ecoulx & Rieunau, 1958; H ardy, Lissner, 
Webster & Gurdjian, 1958). 
In order to elucidate the aetiology of spondylolisthesis, Turner& Markellow 
(1930) made unsuccessful attempts on 20 autopsy subjects to produce 
iso lated fracture of the laminae by direct blows to the lumbar spine or 
by forced extension and fl exion . Rove & Roche (1953) repeated the 
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attempt in vain on 50 stillborn babies, whereas Hitchcock (1940) required 
little force to produce bilateral or unil atera l lamin ar fractures by a com­

e bination of fl exion , la teral fl exion and torsion on specimens from 8-months 
s foeruses and babies up to 10 months. 

Arima (1959) loaded a two-dimensiona l model spine of photo-elasti c 
ma teria l and showed that maximal stress was concentrated in the region 

' corresponding to the isthmus. 
Loadin g tests on individu al processes of the vertebral arch have been 
made by Ty lman & R amotowsky (1 961), H ar rington (1962) and Waugh 
(1966) in order to find suitable attachments for devices to correct scoliosis. 
Th e spinous and t ransverse processes could be loaded with 15 kg at the 
most, whil e the pcdicl es could take more th an 100 kg without fracturing. 

Loading tes ts on discs. 
Loadin g tests on discs have been undertaken w ith all or part of the adjacent 
ve rtebrae retained as a support. The vertical compression has been measured 

1 between the jaws of the loading appa ratus, the vertebrae bein g regarded 
- for the loads in question - as solid, non-compressible pa rts of th e 
specimen (Gocke, 1932 ; Vi rgin , 1951; Jngelm ark & Ekholm, 1952; Hirsch 
& N achemson, 1954; Brown, Hansen & Yorra, 1957 ; Virgin, 1958 : E ie, 
1966). The bul ge of the annulus fib ro us durin g ve rtical loadin g has been 
measured by Hirsch & N achemson (1954) and by Brown, H ansen & 
Yorra (1957), who report that both compression and bul ging arc somewhat 
grea ter in degenerated than in healthy discs. Gocke (1932) found th at in 
young ind ividua ls w ith a high water content in the nucleus, the disc 
displayed considerabl e elasti c deform ation on loading; In adul ts the 
elasticity was compl ete, at least for loads under 70 kg. Damage inflicted 
upon the annulus fibrosus and end-pl ates did not a ffect the elastic fun ction 
of th e di sc. Virgin (1951) repeated this test and verified Gocke's results, 
emphasising that the stress-strain diag ram indica tes a v iscous elasticity. 
Complete recovery is modifi ed by the du rat ion of the force. "The inter­
vertebral di sc reaches its greatest state of effi ciency in adult li fe - that 
is, when the nucleus pulposus has di sappeared as an entity. The fun ction 
of the disc a ppears not to depend upon the presence of the nucleus: 
rather does the presence of the nucleus indicate immaturity of the disc." 
Hirsch (1951) used an elastometer to record the tension in the annulus 
fibrosus during vertical loading. The results for degenerated di scs va ried 
greatly and it was concluded that the structura l changes in the interve rte­
bral disc a ltered the condi t ions in the motion segment, permitting patho­
logical movements. 
Nachemson (1960) developed a method for the direct measurement of 
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intradiscal pressure and found that the pressure per unit area in the 
nucleus pulposus of healthy or only slightly degenerated discs is about 
50 per cent higher than the applied load, while in degenerated discs it is 
lower or inconstant. Parallel compression of the disc gave lower pressure 
measurements than oblique loading from in front, behind or the sides 
(N achemson, 1963). 
The intervertebral disc is the primary load-carrying structure between 
the vertebrae. There is "no support for the idea that factors other than the 
discs themselves play any part in carrying loads applied vertically to the 
cross-section through the vertebral column" (Hirsch & Nachemson, 1954 ). 

The stabilizing effect of fusion - previous reports 

There is an extensive literature on the survival and conversion of bone 
transplants (Chase & Herndon, 1955; U rist, 1960). Autopsy specimens 
after fusion (Bachlechner, 1921; Debrunner, 1921; Gorres, 1922; Biesalski, 
1923; Smith, 1923; Joisten, 1929; Odelberg-Johnson, 1934 and others) 
have been found to display bony union of varying stability. No 
true test f trength were made until Eie (1966) was able to investi­
gate the bending strength of two complete specimens of the spine with 
healed fusion of L 4- S 1. He fixed the sacrum in a vise and 
loaded the cranial vertebral body during forward flexion. One of the 
specimens ruptured at the disc between L 3 and L 4 at a load of 58 kg 
and a lever of. 10 cm (moment force 585 kg cm) and the other fractured 
through the sacrum at 35.8 kg with a lever of 19.5 cm (moment of force 
716 kg cm) . He concluded that the fusion area is stronger than other 
parts of the spine. Unfortunately, the indications for the fusion operations 
are not reported, neither is the surgical technique nor the fusions' sagittal 
extension in the segment. 
In order to test the mechanical effect of fusion, Hoessly (1916) performed 
experiments on the dog. In a control group, a vertebral body was chiselled 
out transperitoneally, wh ich regularly resulted i'n a gibbus. In the experi­
mental animals, fusion of two segments was performed with a paraspinal 
bone transplant. When the vertebral body in the centre of the fusion 
was resected two months later, no deformity arose. Specimens from the 
experimental group could be loaded vertically up to 30-40 kg. Albanese 
(1922) made similar experiments on the dog and verified Hoessly's results. 
Haas (1936) performed fusions on three series of dogs, which were 
sacrificed 30 days later. With fusion between the spinous processes only, 
no changes were observed in the intervertebral joint~. With fusion between 
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laminae, movement was prevented and the intervertebral joints were 
partially destroyed. With fusion of the intervertebral joint on one side, 
marked changes were found on the unoperated side as well. 

According to Haas (1940), growing dogs display a tendency to lordosis 
after fusion, whereas injury to the epiphyseal plates results in kyphosis. 
Dorsal fusion was performed together with curretage of the epiphyseal 
plates and vertebral bodies in 10 dogs and no deformity was found post­
operatively. He concluded that the fusion had prevented kyphosis. In 
a subsequent experiment on 6 dogs, Haas (1946) resected as much of the 
annulus as possible transperitoneally and scraped the end-plates with a 
curette. The five dogs sacrificed after 122-146 days all had bony union 
and no movement cou ld be found between the vertebral bodies, although 
there was a slight play in the intervertebral joints. 
Kurtz & Horwitz (1936) tried out Hadras' method with metal loops 
round the spinous processes. They reported good primary fixation in 8 
dogs but this did not last in any of the animals owing to resorbtion of 

' bone around the loops. 
Using autopsy specimens from 6 individuals aged 18-68 years Albanese 
(1922) prepared 10 specimens consisting of three vertebrae and the inter­
mediate discs; on these he imitated osteosynthesis by placing metal rods 

1 paraspinally and fixing them together with screws. Having resected the 
middle vertebral body, he loaded the specimen from a lever. At a load 
of 60-78 kg one of the specimens fractured through the pedicles and 
the other through the apex of the spinous process. 
Azema (1932) performed loading tests on two specimens comprising L 2 

I to the sacrum from men in their forties. The sacrum was held in a screw 
v ise and subjected to dynamic force along its longitudinal axis : the 
specimen buckled but there was no sign of vertebral displacement. The 
isthmus was then severed on both sides, whereupon the same force 
produced a 5 mm ventral displacement above the defect. After this, the 
lower three vertebrae were fixed to the sacrum with two metal plates. The 
same fl exion and displacement was produced with a static load of 30 kg 
and the author concluded that Albee's method is insufficient in spon­
dylolisthesis. The other specimen had metal plates attached to it between 
the transverse process of L 3 and the sacrum. Although fl exion and 
displacement was produced after severence of the isthmus, it was less 
pronounced than in the preceding experiment. The osteosynthesis was 
considered to correspond to Lance & Aurousseau's technique, which was 
preferred to that of Albee. 
The fixation potential of metal rods has been investigated by Witt et al. 
(1959) for vertical loading of specimens consisting of the pelvis, sacrum, 
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lumbar spine and lower thoracic spine. Long metal rods or Kiintscher 
nails were fixed with cerclage or screwed .to the spinous processes, trans­
verse processes or vertebral bodies or else they were introduced intra­
osseously down the vertebral bodies. It was considered that reliable 
fixation of a section of the spine could be achieved only with two strong 
steel rods (Lane's plates) screwed paravertebrally and involving several 
segments. This also produced a remarkable straightening of the unfixed 
parts of the spine. The m~thod cannot be applied in practice in vivo. 
Paraspinal fixation gave acceptable stabilisation except against torque. 
Harris & Wiley (1963) imitated bony union in autopsy specimens by 
embedding the vertebral arches in methyl acrylate. A combination of 
flexion and torsion produced spondylolisthesis, though usually as a secon­
dary phenomenom in larger injuries. They considered that the weakest 
part of the fusion was the isthmus and that spondylolisthesis probably 
represents a stress fracture. Six specimens were examined but no details 
of the method were reported. 
Arima (1958) studied the distribution of stress in photo-elastic models of ' 
a vertebral segments, with three different types of fusions, with the 
segment in the mid-position and in various degrees of ventral flexion. 
On the assumption that the isthmus is the weakest region of the fu sion, 
fixation between pedicles and intervertebral joints was recommended 
for fusion in the mid-position or slight kyphosis. As kyphosis increases, a 
ventral graft places greater stress on the isthmus than before the operation. 
In pronounced kyphosis (gibbus) no type of fusion is effective. 
In experiments on plastic models of the spine, Penna! et al. (1964) de­
monstrated that screws through the articular processes do not gi ve reliable 
fixation of the motion segment. Little violence was needed to produce 
a fracture through the facets. Stability was improved, however, by a 
combination of paraspinal metal rods, while a contoured plate against 1 

the lamina proved four times as efficient as screws alone. These authors 
report similar results with experiments on autopsy specimens. 
Unander-Scharin (1950) investigated the effect of dorsal fusion as a 
means of relieving the tension on the disc. Nine autopsy specimens 
comprising the lumbar spine and sacrum were subjected to osteosynthesis 
with metal rods fixed through the spinal processes of L 4, L 5 and S 1. 
The specimens were loaded vertically before and after the osteosynthesis 
w ith 12.5, 25 and 37.5 kg. During loading a pelotte was held against 
the annulus fibrosus with a force of 1, 2 and 3 kg respectively. The 
pelotte's penetration of the annulus increased within the fusion and 
decreased in the other, free discs; this was taken as a sign of load-relieving 
effect within the fusion and increased stress on the· free discs. 
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III Materials and methods 

Preparatory investigations were fi rs t made into the poss ibilities of imi­
tating fu sion in a satisfactory manner on fresh spinal specimens. Once 
this had been done, loading tes ts were conducted in an Amsler materials 
testing machine in conjun ction with measurements of intradiscal pressure 
according to N achemson. It was soon found th at the results varied 
greatly according to the type of fusion employed and the way in which 
the load was appl ied (Rolander, 1961, 1963). Specimens con ~ i sting of 
more than one segment could not be prevented from buckling, which meant 
that the di stribution of the applied load could not be defined. The 
deformation of the disc as well as of the vertebrae was such that it 
could not be fo llowed with measuring di a ls attached to the loading 
device. 
Experience from preliminary investigations on some thirty spina l specimens 
has resulted in the assembly of the appara tus described below and the 
definitiv e design of the method. 

Preparation of the specimens 

Preparation of the specimens 
During routine autopsies at the departm ent of pathology, Sahlgrenska 
Sjukhuset , specimens consisting of the entire lumbar spine were taken, 
if possible together with th e upper part of the sacrum . The specimens 
were hermetically sealed in plastic bags and stored in a deep-freeze at 
-29° C. Prior to testing they were left to thaw at room temperature, 
removed from the plastic bag and dissected free from fa t and muscl e, 
takin g care to preserve the ligaments. Each lumbar spine was divided 
as a ru le into two specimens, each consisting of two vertebrae with the 
intermediate disc and ligaments. Specimens incorporating two or more 
di scs were sometimes used fo r special purposes. The outer end-pl ates of 
the vertebrae were sc raped clean of disc tissue, after which the bottom 
half of the caudad body was embedded w ith plastic in a metal form 
designed for use with the loading apparatus described below. In order 
to avoid play as a result of shrinkage, the embedding material was permit-
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ted to spread over the edges of the metal form and was also transfixed 
with steel nails running diagonally through the sides of the form. 
Polyester was used for embedding the specimen, with kaolin as a filler 
and reinforced with fiberglass. The cranial surface of the upper vertebral 
body was also covered with plastic to make a completely flat, horizontal 
loading surface (checked with a spirit level). No effort was made to 
line up the upper or lower plane of the disc horizontally. When the casting 
started to harden, the specimen was once more sealed into a plastic bag 
and stored at + 6°C in order to reduce the temperature rise during the 
hardening process. A piece of moist blotting paper was placed next to 
the specimen, though not touching it, so as to maintain a high relative 
humidity. The plastic casting having cooled, a fixture was used - with 
the specimen still wrapped in foil - to drive four centre nails into each 
vertebra: one in the spinous process, one in the ventral periphery of the 
body and one in the lateral periphery on either side of the body. The 
nails were placed so that each quartet lay in a horizontal plane, with 
a distance of 20-25 mm between the corresponding nails in the two 
vertebrae (depending on the height of the disc). The ventral and dorsal 
nails represent points in the sagittal plane of symmetry, while the latera l 
nails lie in a frontal plane at right angles to the sagittal plane (see 
Figs. 1, 15 and 16). 
Various methods were tried to imitate healed fusion. Metal plates and 
screws proved inadequate, since the screws created structural faults 
and the specimen could not be loaded up to physiological levels. The 
best results have been achieved with plastics (Mandarino, 1960; Rietz, 
1964). All plastics, however, are sensitive to fat during hardening and 
will not adhere properly to fresh bone. Nevertheless, good fixation can 
be obtained if, during hardening, the plastic material shrinks somewhat 
round the embedded parts of the bone. Polyurethane expands during 
hardening and consequently is unsuitable. Although epoxy-resin has many 
advantages, hardening either takes an excessive time or is highly exother­
mic. Polyester (Soredur H40), which has an elastic modulus for bending 
of 39.000 kg/cm2, gives suitable shrinkage. The hardening time is easily 
controlled but with the quantities required for experimental fu sion (50-
150 cm3) the maximum temperature is about 90° C. By taking a number 
of special precautions, however, hardening could be achieved without 
exceeding physiological temperatures measured immediately ventra l of the 
fusion. Thus, the casting was made in a plastecine mold which screened the 
rest of the specimen; kaolin was used as a filler; the casting was applied 
in layers and the specimen was stored at a low temperature during the 
exothermic period of hardening (Fig. 2) . 
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'' I~ •• 
Fig. 1 (a, b) . . 
Lateral and antero-posterior X-ray views of a specimen (nr 14 L2-LJ) in the compression 
apparatus. 

Fig. 2 (a, b). 
Specimen nr 14 L2-LJ seen from the posterior-superior aspect in preparation for 
casting. The anterior elements of the specimen are isolated by plastecine and the remainder 
of the casting mold is made 11p of a piece of X-ray f i/m. 

Fig. 3. The complete casting of a /IHion type J (c .f. Fig. 4). 
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Fig. 4 (a, b) . Fusion type 3, specimen nr 14 L2-l3. 

Fig. 5 (a, b, c). Fusion type 1, specimen nr 23 L2- L3. 
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The fusion was cast onto the vertebral arches in such a way th~t these 
were fixed to one another and to the base plate of the specimen in an 
approximately cylindrical form, as illustrated in Figs. 4-5. In order to 

reinforce the adhesion to the bone and prevent the specimen from being 
pulled out of the casting by flexion forces, the spinous processes and other 
relevant parts of the posterior segment were transfixed with screws before 
casting. The fusion was not more than 8 cm hi gh and at least 3 cm in 
diameter. It may be assumed,· that there is a wide range of stabi lity of 
fusions achieved under intravital conditions. The experimental fusions 
were dimensioned so that there was no measurable deformation within 
the fusion mass (see Fig. 6) at the loads used. 
Three types of experimental fusion were produced: 
Type 1, involving only the spinous processes, 
Type 2, involving the spinous processes, laminae and intervertebral joints, 
Type 3, involving the spinous processes, laminae, intervertebral joints and 
and transverse processes. 
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Experimental devices 

The investigations were made with the following apparatus. 

1. Compression apparatus (Fig. 7). 

The compression apparatus has a cast iron base, four steel corner pillars 
and, on top, a steel plate 10 mm thick. A stage in the base can be adjusted 
with micrometer screws in two directions at right angles to one another 
in the horizontal plane and can also be rotated about a vertical axis. In 
addition, the stage can be rotated on a horizontal axis so that it slopes 
to a variab le degree to the horizontal plane. The specimen in the metal 
form described above is securely bolted to the stage. In the centre of 
the top plate of the apparatus there is a piston, the connecting rod of 
which runs in a stable ball bushing. The piston is driven by compressed air 
from a gas-tube, the rate of loading being controlled manually wi th 
standard valves. 
The load is app lied from the piston via a measuring head (Fig. 8) with 
two electrodynamometers (Bofors KRK-1),each with a range of 0-100 kp. 
The loaders are fastened with turn-buckles to a plate of hardened steel 
10 mm thick, down the middle of which there is an edge designed to impart 
a linear, vertical load. The angle of this edge to the horizontal plane is 
adjustable with a screw. The loading unit is rotatable about the piston, its 
movements being indi cated on a graduated dial. Between the top of 
the specimen and the loading edge there is a steel face-p late and on thi s 
a trolley resting on four ball-races. With this a rrangement, the specimen's 
freedom of movement with respect to rotation and hori;wntal translation 
is limited to a plane perpendicular and at right angles to the loading edge. 
Consequently, the loading force exerted on the specimen can be clearly 
defined in terms of size, position and direction. Each load can be repro­
duced even though the specimen has been removed from the apparatus in 
the interval. 

2. Electrodynamometers. 

The principle of the dynamometer is based upon the deformation of a ring 
which is loaded at two diametrically opposite points. This induces 
elongation at the periphery and this is converted into its electrical 
equivalent by means of strain gauges. The force to be measured is trans­
mitted via two end-blocks; these have some lateral play and are 
consequently almost completely insensitive to bending moments. The 
electrodynamometers are wired as balanced bridges and calibrated with 
standard precision. resistances (Fig. 9). 
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Fig. 7. 
Complete testing apparatlls with the amplifier for the disc presrnre transducer on the 
left, loading device in the center and carrier frequency system, monitor, and recorder 
on the right. 

Fig. 8. 
The specimen fixed beneath the loading head w ith the pressure transducer v isible in 
the background on the le/ t, and the applied displacement gauges and extensometers seen 
m rrounding the specimen. 
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Fig. 11. 
Calibration curve for different ial trans formator nr 1. 

l 3. Displacement gauges (Fig. 10). 
For the measu rement of displacements, a gauge of the induction type was 
constructed (Svensk elektroni kkonsult, Goteborg), known as a differen tial­
t ransform er. The transform er is wound onto a teflon bobbin in w hich 

, there is a movabl e soft iron core with a brass shaft and a measur in g tip 
of anti -magnetic stainless steel. T he differenti al- transfo rmer is 40 mm 
long w ith an externa l di ameter of 8 mm. Including th e leads it 
weighed 10 g. The mill imeter thread of the bobbin can be used for 
simple mechanical calibration since one revoluti on of the different ial­
transfo rmer in the housing corresponds to a 1 mm displ acement of the 
core. The gauge is however w ired as a balanced bridge and by v irtu e of 
its electrica l design, it is simpler to calibra te w ith a fi xed precision 
res i ta nces. The linear devia tion for the range of measurements in question 
is less than 1 per cent (see Fig. 11). The gauges have been ca libra ted 
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regularly against a micrometer without it being found necessary to under' 
take any correction of the precision resistance. Three gauges of this 
type have been used for registering the movements of the specimen in the 
horizontal plane (translation). 

4. Extensometers. 
The design and mechanical calibration of the extensometers produced fot 

measuring displacement in the vertical plane are illustrated in Fig. 12. 
The extensometer is shaped like a scissors, with pointed ends to the 1 

"blades" and a differential-transformer (see above) mounted at the ends 
of the "handles". It is of brass, 15 cm long, with a total weight of so g. 
All its joints are fitted with ball-bearings. The position of the central l 
axis makes it possible to suspend the extensometer in rubber bands against 
the specimen with a satisfactory balance and minimal measuring pressure. 
The extensometer can be zeroed in keeping with the initi al distance between 
the measuring tips. Its range of linear measurement is the same as for the ( 
differential-transformer when used by itself. Five extensometers of this l 
type have been used for the measurements : three to measure the vertical 
deform ation of the disc, one to show the movement between the spinous 
processes and one to measure any deformations in the periphery of the 
upper vertebral body. 

Recording dev ices. 
The two dynamometers and eight motion gauges were connected to 
a specially designed, servodriven switch monitor (AB Svenska Philips 
and Svensk Elektronikkonsult, Goteborg). A carrier frequency system 
(Philips BF 2) is connected manually or automatically at a stage rate of 
0.3-1 gauge/sec, each channel having a special unit for balancing and 
zeroing, an amplifier and a calibration resistance. The signals are trans­
mitted to a one-channel potentiometer recorder (Philips PR 2210 A-21). 
The monitor also connects two reference channels and two unutilized 
steps, so that a single cycle (loading interval) lasts 14-46 sec. The 
recording paper is 250 mm wide and the error of the writer is 0.25 per 
cent of full deflexion. A paper speed of 75 mm/min was used throughout. 
As a rule, the displacement gauges were calibrated so that full deflexion 
on the writer corresponded to ± 5 mm, the figure for the dynamometers 
being + 100 kp. The reading error is + 5/1000 mm and + 0.1 kp 

r~spectively. 
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Fig . 13. 
Spec. nr 19, L3- L4 
Calibrati on curve fo r intradi sca l pressure. 
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lntradiscal pressure gauge. 
Intradiscal pressure was measured by the method described by Nachem­

, son (1960) . The discs is perforated with a needle, diameter 1.1 mm, closed 
at the end and fitted with a pressure-sensitive polyethylene membrane. 
The deformation of this membrane is transmitted via a closed, water­

' filled system to a mechano-electrical transducer of the Statham type 
(modified by Svema-Elema, Sweden) . The movement of the membrane 
is transmitted by the column of water to the copper membrane of the 

I pressure transducer and converted via strain gauges into electrical equi­
valents and read off dir:ectly from the measuring bridge. The pressure 
transducer is calibrated against known pressures in a pressure chamber 
before and after each experiment. The error of the method has been 
calculated by Nachemson to approximately 3 per cent (Fig. 13). 

X-ray unit. 
The unit used was a portable machine with a 2 mm focus. The focus-film 
distance was 250 cm and the film-target distance 6 cm. P ictures were 
taken of the entire lumbar spine before dissection and also of each 
specimen in the loading apparatus without and with fusion in the sagittal 
and frontal planes and, at the end of the experiment, a picture in the 
specimen's longitudinal axis (Figs. 1 and 15). The enlargement is less than 
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3 per cent. The X-ray pictures were used for measuring the initial 
angle of the disc (ao) as formed by the tangents to the projections adjoining 
surfaces of the vertebral bodies (Fig. 16). This angle has been given ~ I 
positive sign in flexion and a negative in extension. A linear measure was 
provided in the X-rays by the projection of a bolt w ith a milli­
meter thread, which gave a scale divided in to half millimeters. The linea/ 
dimensions of the vertebrae were measured from the frontal and sagittal 
projections with a pair of dividers (see Fig. 16, p . 44) . ( 

Planimeter. 
After the experiments, the disc was sectioned horizontally and placed 
aga inst a sheet of glass. The outline of the horizontal section was then I 
copied onto tracing paper (Fig.15) for calcul ation of its area with an Amsler 
planimeter to an accuracy of 1/ lOth cm2• The p lanimeter was checked by 
measuring a known surface of the same order of magnitude before and f 
afte r each measurement of a disc. The planimeter was a lso used to calculate 
the mean height of the disc. 

Description of the loading test . 
The specimen, embedded in its metal form , is firmly bolted to the stage 
of the loading apparatus and encircled w ith a "cage" of brass rods. 1 

The clamp for the horizontal displacement gauges are then adjusted so 
that measuring rods of suitable length can be fitted horizon tally in the 
specimen's sagittal plane and held against the centre nails with rubber I 
bands between the cage and the shaft of the iron cores. Two gauges are 
lined up with the ventra l measuring points on the bodies of the upper 
and the lower vertebra respectively, a third being lined up with the 
spinous process of the upper body. The extensometers for the measurement 
of vertical displacement are attached to the cage with rubber bands 
in a similar manner so that their measuring points are held against the 
pairs of centre nai ls on the two vertebrae. Thus one extensometer rests 
against the ventral aspects of the two vertebrae, one against each of 
their lateral aspects and one against the spinous processes. In add ition, 
one extensometer is pl aced with both its measuring point against the 
upper vertebral body. In each case, the caudal centre nail serves as a 
reference point for the vertical displacement between the points of the 
extensometer. The extensometers are balanced by adjusting a lead weight 
suspended from the upper "handl e" and the rubber bands are tensed 
just sufficiently to hold the measuring points against th e centre nails. 
The loading stage has a very slight play which proved difficult to elimi­
nate. I t is, however, recorded by the motion gauge against the lower 
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vertebral bod y and the readings from the motion gauges again st the 
'• upper vertebra can be corrected accordingly. It follows that all measure­

ments a re deri ved from points on the specimen and no external references 
are required. 
The loading stage - with the sp ecim en and motion gauges - is now 
adjusted so that the pl ane of the loading edge coincides w ith the frontal 
pl ane through the four late ra l centre nails in the specimen. The stee l 
plate and trolley are placed on top of the specimen, a trial load is 
appli ed and the angle of the loading edge to the horizontal pl ane is 
adjusted to obta in even compression in the frontal pl ane. 

I
I The disc is perforated anterolaterally or posterolaterall y, the pressure­

sensitive needl e is inserted so that its pressure receptor lies in the centre 
of the disc and the pressure transducer is cl amped to its stand. 
The motion gauges and dynamometers are zeroed and calibra ted. With 
the first dynamometer con nected to the writer (channel 9, Fig. 14), the 
air valve of the compression apparatus is opened and the load is read 
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Fig. 14. Reprod"ction of a recording f rom a single loading sequence (series) . 
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off. Once the desired load has been obtained, the air valve is closed 
and the switshing unit is set for automatic registration of all the 
gauges. When the writer registers channel 9 a second time, the switching 
unit is turned off. The load is now increased one interval and the new 
readings of the gauges are recorded in the same manner as before. The 
intradiscal pressure at each load is a lso read off and recorded . The load 
is increased by stages to a maximum of 200 kp. The vertical gauge on 
the body of the upper vertebra is checked to ensure that there is 110 

displacement of the body. Should any displacement occur, the specimen 
is unloaded: After unloading, recordings are made of residual displace­
ments. 

Once the residual displacement at the end of the first loading sequence 
has been recorded, the specimen and loading stage a re shifted in the 
sagittal plane so that the same sequence of measurements can be repeated 
with ventrally ( + ) or dorsally (-) eccentric loads, the change in position 
as a rule being 5 mm at the time. A record is a lso generally kept 
of the degree of eccentricity (in millimeters from the initial position) at 
which the applied load results in compression of the specimen without 
a ltering the angle of the disc in the sagittal or frontal plane ("balanced 
position"). 
After the loading sequences in the sagittal plane have been completed, 
the specimen is turned 90° prior to studying rotation in the frontal 
plane (lateral flexion). For this, the vertical motion gauges are placed 
against the same measuring points as previously, w hereas the horizontal 
gauges now coincide with the frontal plane, one against the lower and 
one against the upper vertebral body's right-hand measuring point and 
one against the upper vertebral body's left-hand measuring point. The 
measuring sequences described above are now repeated, first with the 
loading edge in the sagittal symmetry plane, then eccentrically to the right 

( + )and left(-). 
Special measures such as division of ligaments, fixation of intervertebral 
joints w ith screws or resection of such joints, can be undertaken w ithout 
removing the specimen from the loading apparatus and further loading 
sequences can be performed directly. The specimen has to be removed, on 
the other hand for the casting of fusion. The plastic cast is left to harden 
for at least two hours before the specimen is reinserted in the loading 
apparatus, after w hich the loading sequences can be continued under 
the same conditions as before. 
Upon the completion of measurements on fused specimens, the disc is 
excised (as a rule this can be done without detaching the motion gauges) 
an4 the specimen is then loaded until it fractures. 
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Before being excised, the disc is generally injected with chromopaque. 
The area of the resected disc's horizontal cross-section is measured with 
the planimeter as described above. The pathological condition of the disc 
i ~ assessed by macroscopic inspection. 
After the vertebral specimen has been examined roentgenographically, 
it is sawn through for investigation of the fractures and to check that 
the fusion cast has not loosened from the bone or base plate. 

Terms and definitions 
I 1. The measuring points of each vertebra have been numbered as shown in 

Fig. 15. 
2. The distance between points 1 and 5 (L) has been measured on sagittal 
X-rays with an accuracy of 0.5 mm (allowing for roentgenographic en­
largement) and rounded off to the nearest millimeter. 
3. The initial height of the disc (hi. h2, h3, h4) has been measured on X-rays 
as the distance between the edges of the vertebrae on the vertical line 

1

1 
connecting each measuring point and its corresponding reference point. 
The mean height of the disc has been calculated by measuring the 
surface of the disc in the lateral X-ray with a planimeter and dividing 

1 the result by the sagittal diameter (d,). 

t 
I 

( 

l 
( 
' 

l 
I 

Fig. 15. 
Radiographic view of specimen nr 17 Ll-L2 taken f rom above, demonstrating placement 
of measuring points 1- 5 in the vertebra . 
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4. The area of the excised disc's horizontal cross-section (A cm2) was 
traced off and calculated with the planimeter. The sagittal (d5) and 
frontal (dr) diameters of this section were also measured (see Fig. 17). 
5. The intersection of the sagittal and frontal diameters has been called the 
disc's geometric centre (c). 
6. The initial angle of the disc in the sagittal (a0) and frontal ((30) planes 
has been measured on the sagittal and frontal X-rays with a protractor as 
the angle between the tangents to the contiguous surfaces of the adjoining 
vertebral bodies (Fig. 16). 
7. v1 and v2 are the angles of these sagittal tangents to the horizontal plane, 
with a posi tive sign when the tangent slopes ventrally and a negative when ' 
it slopes dorsally. 
8. The change of angle in the sagittal plane (a) that arises when the 
specimen is loaded has been given a positive sign for flexion (posidve 

44 

~:,,-:urlng 5 

Reference 
plane 

Protection or I 5 
m uurlng 
points 

C3l I 
I 
I 
I 
I 

L 

I 
I 

- 0 + 

1 I 

i!j: 
S_j L , , 
..!!a.I I .!!a. 

2 2 

11 

I 
I 

Fig. 16. 
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r Fig. 17. 
Direct tracing of the sectioned disc (Spec. nr 17 L1-L2) with dimensions applied. 

( sagittal rotation) and a negative for extension (negative sagittal rotation). l 9. The change of angle in the frontal plane (/3) has been given a positive 

1

1 sign for lateral fl exion to the right (positive frontal rotation) and a 
negative to left (negative frontal rotation). 
10. Rotation around the longitudinal axis-torque- (y) is counted positive 

l in the clockwise direction. 
f 11. The vertical displacement (llv) of a measuring point is the recorded 
l change in the distance between the measuring arms of the extensometer 

and carries the number of the measuring point (8 1v, 82v, 84v> 85v) the 
sign being negative for a decrease and positive for an increase of this 
distance. 

l 
l 

12. The horizontal displacement of a measuring point is designated in a 
similar way (8 11,, 82h, 84h, 85h), with a positive sign for displacement 
ventrally and to the right and a negative for displacement dorsally and 
to the left. 
13. S is a correction factor for measuring points 2 and 4 (see Fig. 16). 
14. The unit displacement (e) is the quotient of the vertical deflection 
and the initial height for a loading interval and is designated according 
to the measuring point (ei. e2, es,e4). 
15. The lumbar spines used in this study have been numbered conse­
cutively, each specimen being designated by th is number and the vertebrae 
involved, e.g. no. 13, L 3 - 4. The discs are identified by the number of 
their cephalad vertebra. 
16. Loading of the specimen has been done in stages from zero to a 
maximum, unloading has been done straight to zero. The displacements 
arising at each loading stage have been recorded for the individual 
measuring points. The loading sequences have been numbered consecutively 
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for each specimen, together with data characterising the experiment, i.e. 
loading in the sagittal plane or the frontal plane, position of the loading 
edge (eccentricity) and state of the specimen (disc removed, fusion, etc.). 
17. The eccentricity of the load is the distance in millimeters from the 
geometric centre of the disc to the plane of the loading edge, with a posi­
tive sign ventrally and to the right of the centre and a negative dorsally 
and to the left. The eccentricity is also given non-dimensionally as the 
quotient of the above distance and half the diameter of the disc (see 
Fig. 16). 
18. At a certain eccentricity, characteristic of each disc, loading elicits 
no tendency to rotation. This ecentricity has been termed the " balanced 
position". 
19. M0 is the djstance in the sagittal plane from the "balanced position" 
to the geometric centre. 
20. The load (P) is given in kp (the unit of force that approximately 
corresponds to the unit of mass kg) or as the loading intensity = P/ A 
kp/cm2• 

21. u/ is a ratio to compare different specimens for defined loads and 
measuring point . 
22. The intradiscal pressure (pd) has been measured in kp/cm2• 

Method of analysis of the obtained data 

All the measurements recorded by the writer (Fig. 14) were tabulated 
and graphs were drawn for each loading series to depict the displacement 
of the measuring points in the horizontal and vertical planes. The 
initial position of each measuring point is represented by the origin and 
its displacement is plotted against the corresponding stage of loading. 
The movement of the segment (deformation of the disc) is illustrated by 
plotting the measuring points in the sagittal and frontal planes on a 
common x axis showing their true distances from each other and the 
position of the loading edge. The vertical and the horizontal displacements 
are reproduced on an enlarged scale by way of illustration. Fig. 18 shows 
the rotation of an intact segment in the sagittal plane for central loading 
as well as for ventral ( + ) and dorsal (-) eccentricity. 
Similarly, the segment's motion after fusion is illustrated by Fig. 19. Point 
5 is embedded in the fusion cast and shows no displacement, while 
point 1 indicates compression for both negative and positive eccentricity. 
111e ·deformation of the fused specimen after excision of the disc is 
exei:iplified in Fig. 19 d. 
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In the same manner, Fig. 20 depicts horizontal (8b) and vertical (8v) 
displacement of points 2 and 4 for balanced loading and for lateral 
Hexion to either side, while Fig. 21 shows the displacement for loading 
after fusion. 
The momentary centre for the movement in the sagittal and frontal 
planes for successive stages of loading has been calculated by analytical 
plane geometry from the coordinates for points 1 and 5: 

y - Yt = - X2 - X1 (x - x1) 
Y2 - Y1 (1) 

as exemplified in Fig. 36, p. 75. 
The intradiscal pressure (pd kp/cm2) for each loading series is included 
in the graphs as a function of the external load (P kp or u kp/cm2), see 
Fig. 22. For intact specimens the intradiscal pressure usually is lowest with 
"balanced loading", while a load applied eccentrically gives a higher intra­
discal pressure in the centre of the disc. After fusion (Fig. 23 ), the intra­
discal pressure is lowest for dorsal loading (near the fusion) and increases 
if the load is shifted ventrally or to either side. 
The successive changes in angle have been calculated in the sagittal (a) 
and frontal (/3 ) planes from the vertical displacement at he measuring 
points. 

(2 a) 

82 + 84 
81 2 

tan a = -d~ + S (2 b)l 

2 

S is the distance in millimeters from the geometric centre of the disc to 
the frontal plane through points 2 and 4. 

f3 
82 - 84 

tan = 
dr (3) 

Given the change of angle in the sagittal plane (a) and the sagittal 
diameter (d8), one can calculate the deformation of the disc's posterior 
border (8s): 

81 - 83 ~ d 
tan a = ds ; 83 = u1 - 8 tan a (4) 

For the calculation of ~ and e4, the vertical displacement at points 2 (82) 

and 4 (84) were corrected to the frontal plane through the geometric 
centre of the disc: 
82 corr = 82 - S tan a ( 5) 

1 All.results are given according to formula 2 b if not otherwise remarked . 
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Thus the initial position of the upper vertebral body is represented by a 
horizontal ellipse, with the short sagittal diameter (d~) between points 
1 and 3 and the long diameter (d1) between points 2 and 4. During loading 
this plane rotates in relation to the corresponding horizontal reference 
plane through the lower vertebral body. Its position a t each stage of 
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loading can be indicated by the vertical displacement at the four measuring 
points in relation to the load applied (Fig. 24) or by the displacement 
at one point and the change in the angle of the plane (81v and a or 82v and 
{3), as illustrated by Fig. 25. 

Fig. 25. Spec. nr 13, L1- L2 

Change of angle (/3°) in frontal plane (lateral bending) and vertical displacement 
(8 ) of right lateral margin of vertebra (point 2) in an intact specimen tested 
in 1 he frontal plane with increasing load at eccentrity -14 mm (- - - -) and + 16 
mm ·(---). 
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The relationship between the change in angle and the displacement on 
the one hand and the eccentricity at constant load on the other is illustrated 
in Fig. 26 for intact specimen and in Fig. 27 for the same specimen after 
fusion. 
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Fig . 28. 

Eccentrtctty 
+l.O 

Nr 14, L4- L5 
Cange of ang le in one specimen with constant 
load (u = 4 kp/cm') app l ied at various eccentri­
tricitles in sagittal (a0 ) and frontal (f3 °) planes 
both intact and after fu sion. 

e = Sagittal 
O = Frontal 
-- = In tact 
- · · = Fu sion 

In order to visualize the three-dimensional movement of the segment 
during va rious loading conditions and after different treatments of the 
specimen, graphs such as those shown in Fig. 28 were compiled 
for a particular load per unit area (4 kp/cm2), with the change in angle 
(a and [3) and the relative displacement at a point in the plane ( e1 ande2) 

plotted against the degree of eccentricity during loading in the sagittal 
and frontal planes for an intact specimen and after fusion. 
Comparisons between intact specimens and specimens with fusion or some 
other procedure are made on the basis of the ratio between the respective 
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values at the same load for a, {3, ah, av. B and Pd> as shown in Fig. 29; 
in this way one can demonstrate the percentage effect of the fusion on the 
various properties. 

Discussion of the method 

The method described above is in many respects a compromise solution. 
Although problems which have cropped up during the development work 
have been mastered to some extent by modifications to the apparatus etc., 
certain difficulties have necessitated a revision of the original aims. 
Concerning the apparatus, it would have been preferable to make simul­
tane~us recordings of the displacement of several points on the vertebral 
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body, the vertical and horizontal displacement of the disc towards the 
vertebral foramen and the protrusion of the disc's periphery. The posterior 
region of the disc was not available for direct measurements with the 
vertebral arch intact. 

The simu ltaneous registration of data via separate channels would have 
simplified the analysis of the measurements and provided recordings 

f 
during a continuously increasing load. This was not possible for financial 

. I reasons. With recordings over a single channel there is a danger of 
errors due to hysteresis. On the other hand, repeated record ings at a 

( 
constant load did not result in significant differences. The routine aquired 

, from numerous experiments has meant tha t variations in the rate of 
, 1 loading are remarkably small (cf. Fig. 14) and probably irrelevant fo r 

the displacements in question, particularly as the method of registering 

[ 

the data allows sufficient time for the specimen to become stabilised 
in a new state of equi librium. 

, The intradiscal pressure was recorded at the centre of the disc. It was 

r 
found that during eccentric loading, the recorded pressure varied in 
different parts of the disc. Consequently, one would like to use several 

, pressure receptors and record the pressure in different parts of the disc 

(

' simultaneously, besides making simultaneous recordings at severa l levels 
in specimens comprising a larger number of segments. The disc pressure 
method requires repeated calibrations against known pressures during the 

I 

f 

cou rse of the experiment and the data has to be rejected if the calibrations 
deviate more than 5 per cent (cf. p. 39). A transducer was modified for the 

, measu rement of differential pressure but the attempt had to be abandoned 

f 

owing to the difficulty of regu lating the coun ter-pressure with sufficient 
precision. Trials have also been made with a strain gauge attached directly 

1 to a metal membrane at the measuring point; so far, however, such a 

[ 

device has not proved serviceable. The method employed in the present 
study is intended for the measurement of hydrostatic pressure, which cannot 

, a priori be considered to be obtained in severely degenerated discs. 

l Nevertheless, the pressure has been recorded if it proved reproduceable in 
repeated series. This data is not, however, intended to represent hydro­

' static pressure, equal throughout the nucleus, but simply as an expression 

I of the deformation of the nucleus' tissue in the centre of the disc. 

There is an error in measurement inherent in a ll motion gauges (Fig. 30). 

r 
For rotation of the specimen about a horizontal or vertical axis, the new 
position of the horizontal motion gauge's measuring point lies on the 
arch of a circle having a radius equal to the length of the measuring arm; 
for the horizontal gauge this is approximately 80 mm. Since the vertical 
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Fig . 30 . 
. Measuring error in the extensometers. 

displacement is maximum + 5 mm, the correction for the horizontal 
deviation is given by the sine of a very small angle and thus does not 
affect the recorded value. Similarly, for horizontal displacement of the 
measuring point, the vertical motion gauge indicates the point's deviation 
along the arch of a circle with a radius equal to the distance between the 
tips of the gauge's legs; this distance is 25 mm + 5 mm. Owing to the 
relatively short radius for the vertical gauge, a large horizontal deviation 
can resu lt in a large percentage error in the vertical displacement. 
However, the horizontal deviation has been small both in absolute d an 
in relative terms (Figs 45 thru 47). 
Calcu lation of change in angle of the segment makes use of the 
frontal diameter (d1 = 51 ± 7 mm) and the sagittal diameter (d

8 
= 

39 + 6 mm) and the distance between points 1 and 5 (L 81 + 13 mm). 
An error of + 1 mm in measuring d. gives an error for the angle /3 
of less than 2 per cent. The same error for d8 gives an error for a of less 
than 3 per cent (a calculated from L yields less than 1.5 per cent). If, in 
addition, one allows for a maximum error of + 0.03 mm in measuring the 
vertical displacements, the calculations of /3 and a incorporate errors of 
+ 0.04° and ± 0.05° respectively. This means that the calculated value 
of 88 contains a relatively large percentage margin of error for small 
angles (less than 1 degree) and consequently it has not been used for 
comparisons between specimens. 
e is the ratio between two units of length (8v/h) for each stage of loading. 
A strictly mathematical calculation requires the use of logarithmic values 
for addition over several intervals. The non-logarithmic values have in 
fact been used but this only affects the fifth place of decimals, whereas 
the results have been taken to three places of decimals only. 
The area of the unloaded disc (A) is included in the calculation of 
the load per unit area (<T = PIA) which is an expression for the mean 
load on the su rface A. On vertical compression of the disc, A increases 
by ~p to approximately 5 per cent (Nachemson, 1960). This means that 

60 



r 

r 

[ 

I 
[ 

l 
l 
[ 

l 
I 
r 

for an increased total load, u is somewhat larger than the mean load on the 
disc (calculated from the true area) and less, to roughly the corresponding 
extent, than the mean load on the end-plate and the vertebra l body. 
On loading, the distribution of forces within the specimen is uneven. 
One obtains a statically indeterminate system for the calcu lation of these 
internal forces in a section. Such a calculation cannot be made without 
knowledge of the physical properties and geometry of the specimen . 
Approximate calculations of the distribution of forces have been tried 
(with arbitrary assumptions concerning the geometry and physical pro­
perties) in order to study the order of magnitude of forces active 111 

different parts of the system. However, these calculations contained so 
many suppositions that their va lue was questionable. 
As already mentioned, checks were made during the loading tests to 
ensure that there was no appreciable vertical compression in the vertebra l 
body; otherwise the vertica l displacement of the measuring points could 
not be equated with the vertical deformati'on of the disc between measuring 
point and reference point. In fact, there is unlikely to be any appreciab le 
vertical deformation of the vertebral body, judging from compression tests 
made with heavy loads on specimens in an Amsler materials testing 
machine and measurements of deformation with the extensometers already 
described (Fig. 31). 
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Fig . 32. 
Nr SS, vertebra L2 
Compression alony the aagi ttal 
diameter of vertebra. 

From the calculations of the angle a, it was found that both negative and 
positive changes in this during eccentric loading were larger as calculated 
according to formula (2 a) than according to the normal method (2 b). This 
difference increases with increasing eccentricity and also with increasing 
intensity of the load. Thus, although there was no appreciable change in the 
vertical height of the vertebral body, after eccentric loading the measuring 
points no longer lie in the same plane. Since the difference cannot be 
ascribed to errors of the method, there must have been a "concealed" 
deformation of the vertebral body. As will be seen from Fig. 32, in which 
the vertebral body was loaded along its sagittal diameter, shear forces 
posses a considerable potential for deformation of the vertebral body. 
In view of the form and structure of the vertebra, the periphery of the 
vertebral body may well change its angulation during shearing stress 

' viz. the posterior segment bends cranially in the case of positive and 
caudally in the case of negative eccentricity. 
Another possible explanation for the difference in the calculated angle 
is deformation of the end-plate; this would tend to "explode" the 
vertebral body with protrusion of its periphery and a corresponding 
change in angle (Zarek, 1966). The occurrence of such deformation is 
suggested by previous studies, which have shown that the end-plate 
constitutes the weakest link in the system (Friberg, 1947; Friberg & 
Hirs~h, 1950; Perey, 1957; Decoulx & Rieunau, 1958), as well as by 
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Fig. 31, where the end-plate fractures at the load at which the deformation 
curves for di sc and vertebral body tend towards one another. 
Post mortem changes constitute an elusive source of error in all studies 
on autopsy specimens. Since it was not always possible to test the specimens 
at the time of sampling, a ll specimens were immediately frozen in order 
to ensure maximum uniformity. Freezing is not considered to affect the 
physical properties of bone (Perey, 1957; Evans, 1957; Sedlin, 1965; 

( 

Sedlin & Hirsch, 1966), intervertebral discs (Bartelink, 1957; Hardy, 
Lissner, Webster & Gurdjian, 1958; Nachemson, 1960) or ligament (Viidik 
& Lewin, 1965). No change in the extensibility and elasticity of human 

[ 

ligamenta flava was found after unprotected storage in a refrigerator 
(Akerblom, 1948). The load-elongation correlation of rabbit ligaments 
tested fresh and after storage for 2-96 hours at room temperature was 
studied and no definite difference was found in tensile strength in spite 

l of histological signs of autolysis, (Viidik, Sandqvist & Magi, 1965 ). 
The physical properties of both bone (Rauber, 1876; Evans & Lebow, 
1952; Smith & Walmsley, 1959; Sedlin, 1965; Sedlin & Hirsch, 1966) and 

[ 

ligament (Walker, Harris & Benedict, 1964; Viidik, Sundqvist & Magi, 
1965; Viidik & Lewin, 1965 ; Galante & Hirsch, 1966) are sensitive to 

1 
dehydration and increases in temperature. Fresh bone is a poor thermal 

f 

insulator (Thompson, 1958; Sedlin, 1965) probably owing to its high 
. moisture content. The physical properties of rat tail tendon were not 

affected by a change from freezing at -35° C to + 37° C but irreversible 

l 
changes occurred above approximately 40° C (Rigby, Hirai, Spikes & 

I 

Eyring, 1959). The critical temperature for collagen is reported to be 
47-48° C (Delaunay et al, 1956; Verzar, 1957). 

l In the present study, consideration has been paid to these factors as 
described on pp. 29-30. 
In several preliminary trials the specimen was stored in a refrigerator 

r 
for up to one week after testing without and with fusion and then re-tested 
in the reverse order, i.e. first with fusion and then with the fusion removed. 
The results showed no appreciable difference in respect of either de-

l formation in the disc or the intradiscal pressure. It was also found that, 
with the type of loading in question, repeated loading series do not affect 
th e physical properties, thereby confirming previous investigations on 

I comparable specimens (Gocke, 1931; Vfrgin, 1951; Hirsch & Nachemson, 
1954; Nachemson, 1960; Sedlin, 1965; Sedlin & Hirsch, 1966). 
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Material 

This experimental study was made on 71 samples of human lumbar spines, 
obtained from 38 autopsy subjects ranging in age from 4-76 years. The 
postmortem examination and specimen sampling 

Table 3. The Study Group. 

Time in 
Subject Autopsy Age BodC hospital 

no. no. Sex weig t Length days Cause of death 

1 II-98 44 F 3 Perf. ulcer. (op) 
2 I-586 6M 17 4 Cardiac failure (op) 
3 I-607 4M 1 Malignant laryngitis 
4 II-101 65 F 12 Pulm. embolism. 
5 L-100 64M 0 Suicide 
6 I-717 40M 1 Acute myocarditis 
7 L-49 34M 0 Suicide 
8 I-1094 74M 60 170 0 Cardiac failure 
9 1-1194 44 F 59 165 9 Uremia 

10 I-1199 54 F 53 160 6 Bronchopneumonia 
11 II-250 64 F 31 Reticle cell sarcoma 
12 L-84 67M - (513) Bronchopneumonia (senility) 
13 I-1390 53 F 7 Bronchopneumon ia 
14 L-86 48 M 0 Cardiac fai lure 
15 I-1458 61 M 72 15 Acute leukemia 
16 I-1467 65 M 86 170 1 Myocardial infarction 
17 1-1468 70 F 78 160 2 Myocardial infarction 
18 II-272 76 F 10 Circulatory fai lure 
19 II-276 58M 1 Myocardial infarction 
20 I-1481 58M 1 Myocardial infarction 
21 1-1483 61 F 61 160 5 Cerebral contusion 
22 I-1511 43M 70 185 1 Bronchopneumonia 
23 1-1513 44M 59 158 14 Bronchofneumonia 
24 11-280 30M 61 14 Inestina carcinoma 
25 I-105 64M 1 Uremia 
26 II-27 56 M. 6 Pulmonary carcinoma 
27 II-29 62 M 1 Pulmonary carcinoma 
28 I-201 52 F 48 10 Hepatic failure 
29 L-25 32 F 0 Electric shock 
30 I-302 31 M 64 175 14 Uremia 
31 I-379 42 F 68 170 2 Suicide (barbit. poison) 
32 N.L. SM 0 Subdural hemorr. (op) 
33 I-1239 50 F 72 Bronchopneumonia 
34 II-252 56M 49 25 Pancreatic ca. 
35 11-255 46M 10 Pulm. embolism. 
36 I-1254 41 M 0 Subdural hemorr. 
37 . I-525 62M 0 Myocardial infarction 
38 I-553 73M 1 Myocardial infarction 
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Group 0. Macroscopically normal discs without signs of ruptures or other 
structural changes. Both the annulus fibrosus and the nucleus pulposus 
are shiny white. The nucleus appears homogenously gelatinous and is 
clearly delimited from the annulus fibrosus. 

Group 1. Discs with a normal appearance in general but with a somewhat 
more fibrous structure in the nucleus. A distinct boundary between nucleus 
and annulus. Some cases present a slight yellowish discolouration (Fig. 33). 

Group 2. Clear deterioration of the central structures of the nucleus, which 
is definitely drier than normal and usually discoloured. There may be 
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Fig. 33 thru 35. Demonstrating vario11s degrees of disc degenera tion. 

a) Spec. nr 13 l3-l4 - Degeneration group 1. 
b) Spec. nr 15 l3-l4 - Degeneration group 2. 
c) Spec. nr 13 U-LI - Degeneration group 3. 

isol ated fissures in the annulus. The boundary between annulus and 
nucleus is not particularly distinct (Fig. 34 ). 
Group 3. Marked degenerative changes in the nucleus as well as the 
an nulus fibrosus, with ruptures and sequestra in the nucleus or the annulus 
and/or scarring of the nucleus (Fig. 35). 
Group 0 constitutes healthy discs from generally young indiv iduals 
whil e Group 1 represents higher age groups for which the findings ma; 
be considered normal. 
Groups 2 and 3 comprise discs w ith increasing degrees of degeneration in 
which hydrostatic conditions cannot be held to be obtained. 
All specimens were subjected to a vary ing number of loading series with 
regis'tration of the displacement at a minimum of 5 measuring points. 
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Some of the senile specimens fractured durin g the experiment, w hich could 
not then be concluded according to plan. Most of the specimens were 
subjected to eccentric loading in both the sagitta l and the fronta l plane. 
Fusion was performed on 33 specimens, other measures being carried 
out on the remainder. 

Measurements of in tradiscal pressure were recorded for 34 specimens but 
rejected in the remainder, either w hen the pressure proved not to be 
reproduceabl e for the same load in repeated series or because of deviations 
greater than 5 p er cent at calibration before and after the experiment. 
Characteristic data for each specimen and the tests performed are listed 

I 
in Table 4 (pp. 68- 71). 
Some 1500 load ing series, with an average of 7 loads per series, were 
conducted on the specimens reported here. This makes about 90,000 primary 
data w hich together with approx imately the same number of calcul ated 

r 
va lues, form the basis for the results reported below . Some 4000 graphs 
of the types illust rated provided a satisfactory basis for studying individual 
specimens but a re not suitable for reporting the material as a w hole. The 

[ 

large quantity of results made it advisable to use a computer. However, 
the number of individuals is relatively small and consequently an analysis 
of the results should not be based on too many sub-groups. Specimens a re 

r 

included from children, adults and aged individuals, w ith the age group 
40-50 predon:iinating. The specimens were classified as normal (gr. 0- 1) 
and degenerated (gr. 2-3 ), without otherwise considering the age distri-

l 
bution. The risk of osteoporosis increases w ith age. However, osteoporotic 
specimens fractured when still "intact" and a re thus hardly represented 

, among the fusion cases, for which the strength of the bone ti ssue is of 

l 
r 

I 
I 

I 

primary importance. 
The level of the disc is important in that the range of movement increases 
in a caudal direction. The range of movement is dependent upon the height 
of the disc and the area of its cross section (Fick, 1904) and consideration 
has been paid to these factors. 
A ll the specimens included in this report have contributed to the results 
for intact specimens and loading in the balanced position. In the case 
of eccentric loading, on the other hand, specimens incorporating more 
than one segment have been excluded. Such specimens buckle in both the 
sagi tta l and the frontal plane, making it difficult to define the eccentricity 

of the load. 
O w ing to the variations in the geometry of the different specimens, 
neither the eccentricity nor the load could be predetermined to equivalent 
figures for comparisons between specimens. Such figures can be inter­
polated graphically w ith considerable accuracy by combining different 
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graphs for each specimen. This has been done to a considerable extent I 
but would prove excessively voluminous for all the parameters in the 
entire material. For the comparisons which may be said to deal with r 
a behavioural pattern for lumbar spine specimens under the influence 
of varying forces, practical considerations have led to a grouping of both 
the loading intensity and the degree of eccentricity. The loading intensities [ 
were grouped into two intervals, 1 - 2 and 3 - 4 kp/cm2, and the 
eccentricity into 7 equal intervals, from -1 to + 1. The higher loading 
interval corresponds approximately to the individual's total body weight, I 
i. e. 40 per cent more than the superimposed body weight. The lower 
loading interval complements this, since many series, particularly those with I 
great eccentricity, do not reach the higher load interval, and consequently 
there tends to be rather limited data for this. 
The intervals of eccentricity are natural in relation to the geometric • 
centre of the disc. In the case of the sagittal plane, however, the balanced I 
position is an important factor since it is here that all parameters (except 
intradiscal pressure) change sign. Only one (degenerated) disc has the 
balanced position in the interva l + 0.15 - + 0.45, while for 17 healthy I 
an d 14 degenerated discs it lies between -0.15 and + 0.15 and for 11 
healthy and 5 degenerated discs between -0.45 and -0.15. 
The division of the material into intervals of loading intensity and r 
eccentricity represents a compromise solution to a complex problem. It 
results in an unnecessarily large spread of measurement data and is to be 

Table 5. 
[ 

Mean and standard deviation of 48 specimens (including tw o vertebrae l 
and one disc) contributing to aggregate results: 

Disc area (A) - 18.1 + 3.2 cm2 

Disc height (h8), posterior - 7.3 + 0.6 mm 
Disc height (h2 = h4), lateral - 11.4 + 2.0 mm 
Disc height (h1), anterior - 13.8 + 3.1 mm 

Table 6. Largest change in angle measured of intact specimens: 

Forward Backward 
max. + 7.5° - 6.3° 
min. + 1.1 ° - 1.8° Sagittal (a) 

Frontal (/3) 
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accepted only under the above conditions; even so, it does not, of course, 
do fu ll justice to the accuracy with which the measurements were made. 

( 
All aggregate results are shown in the diagrams as shaded areas representing 
the standard errors (-+- SE) of the mean (x); subgroups are indicated as 
separate mean and standard errors. In the tables, the number of measure-

[ 
rnents (n) are given for each mean. 
Some specimens prove to be particularly resistant to deform ation and 

I 
we re therefore subjected to higher loads at greater eccentricity than was 
normally the case. In the graphs representin g results for all the specimens, 
this is refl ected by an overrepresentation of such specimens in the extreme 

I 
intervals of eccentricity. In some intervals, for which only a few measure­
ments were obtained, the general picture is liable to be distorted by extreme 
results for individual specimens. These specimens could, of course, have 

{ been excluded, but it was decided instead to give free rein to chance I and to discuss the reason for such deviations in each case. 

r 

r 

[ 

l 
r 

I 
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IV Results and discussion 

Intact specimens 

Motion centre 
Joint function is usually described in anatomy as rotation around and 
translation along the body's three mutually perpendicular, primary axes: 
the longitudinal, sagittal and transverse. A lumbar motion segment (tw.o 
vertebrae with the intermediate disc and ligaments) is considered to possess 
six degrees of freedom, i.e. both rotation and translation a re represented 
(Broman & Hjortsjo, 1952). It has been held that all the axes of motion 
pass through the centre of the nucleus pulposus (Fick, 1904; Strasser, 1913; 
Calve & Galland, 1930; Hagelstam, 1949; Broman & Hjortsjo, 1952) 1 

though with varying instantaneous centres (Dittmar, 1931). In the event 
of disc degeneration, the frontal axes of motion is reported to be displaced 
dorsally towards the intervertebral joints (Gianturco, 1944; MacNab, 
1950). Knutsson (1944) considers that increased sagittal translation is 
an early sign of disc degeneration. 
In accordance with the principle stated on pp. 22 and 52 (Hoag, 1960) the 
position of the instantaneous centres has been calculated at rotation in the 
sagittal and frontal plane. With this procedure, translation along the 
longitudinal axis (compression of the disc without accompanying rotation 
or translation along the other main axes) gives an instantaneous centre 
with an infinite x coordinate. "' imilarly, for translation in the horizontal 
plane the y coordinate is at infinity. It follows that the position of the 
instantaneous centre is discontinuous for central loading. Fig. 36 illustrates 
the position of the instantaneous centres in rotation in the sagittal plane 
(around frontal axes) for five specimens representing different levels 
of the spine and different degrees of disc degeneration. Hoag's statement 
is confirmed to the extent that healthy discs show a concentration of 
instantaneous centres for ventroflexion in the dorsal part of the disc and 
vice versa. The degenerated discs give a very large spread and many of 
their va lues lie outside the figure. At rotation in the frontal p lane (Fig. 37) 
there is a corresponding tendency for the instantaneous centres to be con­
centrated to the left of the median for flexion to the right and vice versa, 
but in this case even normal discs display a wide spread. The spread 
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of the instantaneous centres might be interpreted as indicating a type of 
"instability" but not in the usual sense. 
Seven specimens (cf. Table 4, p. 68), besides being subjected to a vertical 
compressive force in the usual way, also had a vertical lifting force applied 
to the spinous process of the upper vertebra; this gave a known increment 
to the positive moments acting in the sagittal plane. The horizontal and 
vertical displacements of points 1 and 5 were recorded during vertical 
loading with positive and negative eccentricity respectively, with and 
without the extra force applied to the spinous process. It will be seen 
from Fig. 38 that the relatively slight additional force makes a large initial 

posltl ve change of angle (see further p. 96 ). Here, the figure serves to 
show that both measuring points follow the same paths of motion for 
both types of loading and hence that the instantaneous centres for the 
interval of motion are nearly identical. 
Although the movements of a lumbar motion segment are limited in 
extent, its pattern of motion is highly versatile. The centres of motion 
are infinite in number and can hardly be used as a basis for describing 
function. It has proved practical, however, to use the 6 degrees of 
freedom as a basis for describing the changes which occur when the 
peCimens are subjected to various loading conditions. 
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Translation. 
Longitudinal axis 

Longitudinal t ransla tion implies vertical displacement (8 v) that is equa lly 
large a t all measuring points; this is referred to as balanced loading. Since, 
however, the initial height (h) is different fo r the various measuring 
points, th e rel ative displ acement (e) is not the same for them all. This 
position is unstable and may vary somewhat for different loads (Fig. 39). 
The st ress-strain rela tions for all the discs tested, were obtained from th e 
loads a t whi ch the change in angle in both the sagittal (a) and the hori­
zontal pl ane ({3) was less than + 0.25° . The rela tive deform ation is 
represented by measuring points 1 and 2 (cf. Figs. 40 and 41). 
The graphs indicate a v iscoelastic stress-strain relationship, with increasin g 
rigidity as the load rises. At a loading in tensity of 5- 6 kp/cm 2 the 
"compression" of the normal disc is 2 .6 per cent and in disc degeneration 3.4 
per cent. The corresponding figures reported by other investigators are 
approximately 10 and 15 per cent (Gocke, 1932 ; Virgin, 195 1; Ingelm a rk 
& Ekholm, 1952; Hi rsch & Nachemson, 1954; Brown, H ansen & Yorra, 
1955; Ewans & Lissner, 1965 ). Th e d ifference (1 :4) is ascribable to the 
fact that the latter measurements were made from external reference 
points. By measuring between p oints on the specimen itself, close to the 
limits of the disc, one reduces the influence of deform ation in th e bone 
tissue as well as errors dt1 e to adaptation between the specimen and the 
loading pla tes. The geometrical asymmetry of the specimen makes it 
necessary to have a t least two measuring points in each primary plane. 
Moreover, direct measurements on the disc and vertebra must be made 
separately, due to differences in their materials (cf. Fig. 31 ). This natu rally 
applies in pa rti cular to specimens composed of several segments (see p. 11 4 ). 
The total vertical compression of the disc is in actual fact still less than 
indicated above, since the disc in situ has a preload of approximately 
1 kp/cm2 (Petter, 1933). The disc tissue itself has been regarded as in­
compressible. Thus, the vertical defl exion is the result of an initial collap se 
of voids in the disc and an increasing bulge of the ann ulus fibrosus and 
end-pla tes. Since the bulging of the disc was not a major item in the 
present investigation, its order of magnitude was simply checked on three 
specimens w ith their arches removed . The vertical deform ation was 
recorded at fo ur measuring points in the usual way. T he horizontal 
displacement gauges were positioned against minute centre nails, w hich 
had been fitted in the circumference of the annulus fibrosus at the sagitta l 
and frontal diameters so as to corresp pnd to measuring points 1 and 3, 
and 2 and 4 respectively. The increase in the sagittal and fronta l diameters 
could then be measured du ring centric and excentric loading. The result 
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of such a test on a specimen with class 1 degeneration is shown in Fig. 42. 
The sagittal and frontal diameters both increased by 1.3 mm in the loading 
interval 1 - 2 kp/cm2 and by 2 mm in the interval 3 - 4 kp/cm2. The 
increase was the same for centric and excentric loading. In the two 
highly degenerated discs the increase was smaller in the sagittal diameter 
but somewhat larger in the frontal. These discs bulged considerably even 
before loading, while during loading it was obvious to the naked eye that 
they bulged more in some parts of the periphery than in others. The 
magnitude of the bulging was very similar to that reported by Hirsch & 
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Nachemson (1954) and by Brown, Hansen & Yorra (1957). As a result 
of the bulging, the surface area of the healthy disc increased by approxi­
mately 6 per cent at loading intencity 1-2 kp/cm2 and 7 per cent at 
3- 4 kp/cm2• The corresponding figures for the degenerated disc are 4 
and 6 per cent. l11is gives an average of 5 per cent for the lower loading 
interval and 6.5 per cent for the higher (cf. Nachemson, 1960, who reports 
an average of 5 per cent for all loads). 
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The vertical deformation is statistically larger for the degenerated than 
the normal discs at all loading intervals (Figs. 43 and 44) at the 1 per 
cent level (Student's T-test). This greater compressibility a lso resu lts in a 
larger residual deformation after the first series of loadings. After repeated 
loadings, however, the residual deformation is equally large in healthy 
and degenerated discs. The residual deformation in 52 intact specimens 
after the first and last series of loadings is given in Table 7 (in the case 
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Table 7. 
Residual deformation of the disc after the first and last loading serie on 

intact specimens. 

Serie Degree of degeneration. M f 1>1 v+ l> sv ean or 
2 

SE n 

First 0-1 0.065 + 0,015 33 
,, 2-3 0.119 + 0,025 19 

Last 0-1 0.155 ± 0,033 33 
,, 2-3 0.156 + 0,006 19 

of the remaining specimens, the displacement gauges were zeroed between 
the first and the last series of loadings). 
As much Chromopaque or Ringer solution as possible was injected into 25 
discs (see Table 4, p. 68). The maximum amount varied between 0.3 
and 3 cc except in the case of eight discs which leaked. There was 
practically no resistance to the injection, which caused the average height 
of the disc to increase approximately in relation to the volume injected; 
at the same time, the bulging of the disc was reduced (roughly measured 
with calipers). The maximum amount which could be injected was 
reached abruptly, without any gradual increase in resistance to the 
injection. The height of the disc could not then be further increased, even 
though maximum force was appl ied to the injection. On the other hand 
the discal pressure varied synchronously with the injection force. Th~ 
maximum intradiscal pressure measured during injection was 3.5 kp/crn2. 
When injected specimens were loaded vertically, the horizontal displace­
ment was reduced (cf. Radberg, 1954) but the initial compression and 
the residual deformation were large, indicating that the injected flllid 
had spread in the disc and/or been pressed out of this. When the discs 
were sectioned, the contrast medium was seen to have collected in what 
appeared to be preformed cavities (Teichert, 1962a, 1962b ), which in 
normal discs were situated symmetrically and centrally (chromopaque 
has a large molecular diameter of one micron). Degenerated discs having 
irregular cavities and concentric or radiating fissures were accordingly 
stained with contrast medium. 
Since the injection of contrast fluid changes the physical properties in the 
disc, discography could not be used as a routine in the present investigation 
but was performed after the other measurements on the disc had been 

concluded. 

Ro tation-torq1~e. 
Four specimens were used for this test (no. 24 L 3 - L 4 and L 5 - S 1; no. 
31 L.3 - L 4 and L 5 - S 1). A threaded bolt, 10 cm Jong, diameter 6 mrn, 
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was screwed horizonta lly through the upper vertebral body, para llel to 
the sagitta l diameter. The specimen was placed in the loading a ppa ratus 

' with the displacement and pressure gauges applied in the usual way. 
A sagittal horizontal displacement gauge was fitted against measuring 
point 2 (the ex tensometer over the vertebra was omitted) . Thin steel w ires 
were then attached a t either end of the bolt, 45 mm from the centre of the 

, vertebral body, and pulled horizontally in opposite directions pa rall el 
with the fronta l di ameter. Each wire was hung vertically over a pulley 
and loaded w ith 4 kg, which gave a positive moment of 36 kpcm actin g 
around the longitudinal axis. The angle of rotation (y) was read of the 
compression apparatus' prot ractor and was also calculated from th e 

equation tan y = 2 (Sih ~r 8211) . (6) 

The angles of rota tion calculated in this way for the fou r discs were 
0.33, 0.33, 0.54 and 1.18° (simultaneous central vertical loading reduced 
a) . After removal of the intervertebral joint facets, the angle increased 
to 1.0, 2.3, 1.7 and 2.3 ° respectively. Fick (1904) gives the ave rage for 
intact, lumbar segments as 2.5° . Andersson & Ekstrom (1940) found 0.6° 
at a torque of 48 kpcm and 1.9° at 200 kpcrn . In the present study the 
accompanying change in angle of the horizontal plane was negligib le. 
The calculation assumes th at the rotation occurs around the longitudin al 
axis through the centre of the disc; this seems resonable. Although the 
measurements incorporate certain uncontrollable errors, they do indicate 
the magnitude of the possible rotation and show that the intervertebral 
joints take up torque in the hori zontal plane. 
An interesting phenomenon, probably associated with the helicoida l 
a rrangement of the fibres in the annulus, is that the average height of the 
disc increases when horizontal torque is applied - an increase that is 
approximately proportional to the degree of rotation . At the same time the 
disc p ressure dynamometer gave a negative reading. 

Frontal and sagittal axes 
Translation in the horizontal plane. 
Fick (1904) asserts that parallel d isplacement between vertebrae is severely 
limited but not entirely prohibi ted by the construction of the annu lus. 
Brocher (1958) considers that a parallel displacement between vertebrae 
a lways indicates a pathological change of major clinica l significance. 
Severin (1943) demonstrated roentgenologic retroposition in SO per cent 
of degenerated discs. Knutsson (1944) developed a test of stability by using 
latera l X-rays at maximal fl exion and extension. More than ha lf o f 
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58 discs with anatomical signs of degeneration showed "instability". 
Displacement in the direction of flexion was presented by 26 and in the 
opposite direction by four (paradoxical mobility according to Gianturco, 
1944; Schalimtzek, 1958). In 18 cases Knutsson found roentgenologic 
instability out of 82 without other anatomical signs of disc degeneration. 
H e considered this to be an early roentgenologic sign of disc degeneration. 
A sim il ar investigation on spinal specimens was made by Friberg & Hirsch 
(1949), who correlated the X- ray findings with the pathological anatomy 
of the intervertebral discs. Hagelstam (1949) found that in roentgenologi­
cally normal discs the limits for parallel displacement were +2 mm while 
they were w ider for degenerated discs but seldom more than 3 mm. He 
found that the error of measurement for roentgenological methods can 
easily amount to 1 mm. Direct measurements on specimens do not seem 
to have been made previously. · 
In the present investigation the parallel displacement is given as the 
x-coordinate of the measuring point. No specimen at any load or eccentri­
city gave a displacment of more than +z mm, while only a few resu lts 
exceded ± 1 mm. Various initial angles of the vertebral bodies in relation 
to the horizontal plane (v1 and v2 ± 10°) did not influence the magnitude 
of the horizontal displacement. The direction of this displacement was 
liable to vary for loads near the centre but otherwise it followed the 
direction of rotation, so that positive rotation gave a positive horizontal 
displacement. Increased eccentricity resulted in increased horizontal displ a­
cement but could be achieved near maximal displacement with sli ght loads 
suggesting that there is a certain play in the unloaded disc in the horizontal 
direction. With considerable eccentricity, however, there is a critical load for 
each disc at which the horizontal displacement reaches a certain maximum 
and then might change its direction upon further loading. In Figs.45 and 46 
points 1 and 2 represent motion in the horizontal plane for varyin ~ 
eccentricity and loads of 1-2 and 3-4 kp/cm2• For an eccentricity of 
-0.45 to - 0.15 in the sagittal plane, the horizontal displacement is o 
.increases and decreases linearly respectively at the neighbouring eccentricit; 
intervals but curves away at greater eccentricities to a maximum at + 0.45 

to + 0.75. 
P arallel displacement along the frontal axis (Fig. 46) is of the same 
magnitude as in the sagittal axis. 
The horizontal displacement is not to be regarded as an isolated motion 
but as an integrated function of the disc's deformation by the forces 
acting upon it. Fig. 47 shows a typical case of the relationship between 
the horizontal and vertical displacements of point 1 at different loads and 

eccentricities. 
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Fig. 47. 
Nr 23, L2- L3 
Ratio of horizonta l lo vertical displacement of measuring point one (1) using constant loads 
with dllferent eccentricities, teated Intact in aaglttal plane. 

The magnitude of the horizontal translation agrees with the limits 
reported by Hagelstam. In the present material and with the loading 
method used, no increased translation - instability - was found for 
degenerated discs. 
To test the stabilizing effect of the interspinous ligaments, interarcuate 
ligaments and posterior joints, these were cut out separately. There was no 
appreciable increase in the horizontal displacement (Fig. 48). As the tilt 
of the disc to the horizontal plane increases, so does the shearing force. 
Chandler (1951) and others have pointed out the importance of the slope 
for parallel displacement between vertebrae. In agreement with Fick 
(1904) and others, however, it can be stated that the disc itse lf delimits 
the degree of horizontal displacement (the anterior and posterior longi­
tudinal ligaments were not severed, being regarded as part of the disc) 
due to the construction of the annulus fibrosus (Horton, 1958). 

Rotation around the frontal and sagittal axes. 
Rotation around the frontal axis corresponds to forward and backward 
fl exion in the sagittal plane (labelled sagittal), while rotation round the 
sagitta l axis implies motion in the frontal plane, i.e. late ral bending 
(labelled frontal). 
The rotation in each plane has been compiled, in accordance with the 
principles given on p. 55 Fig. 26, as the relative displacement of a 
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measuring point and the change of the angle in the plane. Motion in the 
sagittal plane is thus rep resented by e1 and a and motion in the frontal 
plane by 62 and /3. It should be borne in mind that, by definition, positive 
rotation (forward flexion and lateral bending to the right) is indicated 
with a positive sign for the change in angle (given in radians) whil e th e 
deformation is described as negative when the distance between a measur­
ing point and its reference point diminishes, and positive, when this distance 
increases. For a correct conception of the movement, each point on the 
deformation curve must be compared with the corresponding change in 
angle. 
Figs. 49 a and 50 a illustrate rotation in the sagittal plane (dorsoventral 
flexion). The change in angle is 0 at an eccentrici ty of -0.12, i.e. a 
distance (mo) of 4.5 - 5 mm dorsal of the geometric centre. The relative 
deformation is then 3 + 0.3 per cent, which corresponds to a deformation 
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of 0.5 + 0.04 mm in absolute figures (cf. Fig. 51 a). For an in creasing 
negative moment, the change in angle shows an a lmost linea r regression 
line, w ith onl y a sli ghtly la rger change fo r degenerated than for healthy 
discs. For a positi ve moment the curve fo r healthy discs fl attens out 
at about 0.05 radians, while tha t fo r degenerated discs again shows an a l­
most linear increase in angle with a mean twice as la rge a t that for healthy 
discs a t th e ultim ate moment. The relative defo rmation shows a completely 
analogous cour e, tha t for healthy discs hav ing th e same tendency to 
level out at the maximum positi ve moment . The individual specimens 
cont ributing the measurements in the interval + 0.75 - + 1 show, how­
ever, that an increased moment a lways gives increased deform ation ; thus, 
the aggregate curve exaggerates the position a t the maxima l moment 
(cf. p. 72). The p attern for deformation and change of angle is the 
same in principle fo r the loading intensity 3 - 4 kp/cm2 and 1 - 2 
kp/cm2 (F igs. 52 and 53). 

Rotation in the frontal pl ane (lateral fl exion) is presented in the same way 
in Figs. 50 b and 49 b by the change of angle in the frontal pl ane (/3) and 
the relative displ acement of the right-hand measuring point (f1l). The 
cha nge in angle gives a gentl y S-shaped curved w ith healthy discs tending 
to show a somewhat la rger change than degenerated discs. The ba lanced 
position of the healthy discs is displaced slightly to the right of the centre 
(approx. 0.7 per cent), with a relati ve deform ation of 4.5 + 0.6 per cent, 
that fo r the degenerated discs being 5 ± 0.6 per cent. Loading a t th e 
eccentricity interval + 0.45 - + 0.75 results in a compression of the disc 
at point 2 by approximately 13 per cent, while the stretch a t the same 
point with the same negative moment is approximately 5 per cent, or in 
absolute fi gures - 1.8 mm and + 0.5 mm. The increase in the height 
of the disc on one side is thus only one-third of the decrease on the other. 
Fig. 54 illust rate the discal pressure a t different eccentricity interva ls 
in the sagitta l plane. The data for pressure during lateral fl exion 
are w idely dispersed, w ith ext reme values for individua l specimens 
wich upset the general pictu re. On would expect lateral fl exion to 

give a symmetrically shaped curve. There does not seem to be any 
difference between healthy and degenera ted discs, which is na tu ral 
in view of the selective nature of the measurements. Nachemson (1960) 
has reported hy drostatic behaviour of the nucleus pulposus, which was 
not infl uenced by moderate degeneration (corresponding here to groups 0, 
1 a nd 2) and states that the intradiscal p ressures a re on average 30 - 50 
per cent h igher than the applied load per unit area. The level of the disc in 
the lumba r spine did not influence these results. He has also demonstra ted 
(N achemson , 1963) that compression of the specimen between angled 
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Saglttal 

Fig . 54. 
Load Interva l S-4 kp/cm• 
lntrad lacal preu ure In Intact 
apecimena 

1. All specimens 
:! . 0 = normal di scs 
3. • = degenerated di scs. 

jaws gives a hi gher intradiscal pressure than does compression between 
opposed plates. His explanation being that the nucleus tends to become 
more confined during angling of the disc. The increase was approx. 0.7 
kp/cm2 for a 5° angle. Specimens with the arches removed had no initial 
intradiscal pressure while those with the ligaments and arches retained 
had an initial pressure of 0.5 - 1 kp/cm2 produced by the ligaments 
and capsules surrounding the posterior bony elements. He also concluded 
that the posterior bony elements have no weight-bearing capacity for 
loads up to 220 kp. The relation between intradiscal pressure and external 
load in the present specimens agrees with that of Nachemson. The pressure 
increases upon eccentric loading, being relatively lowest in the balanced 
position. However, a comparison with Figs. SS a and b, which how the 
discal pressure at a loading intensity of 1 - 2 kp/cm2, shows that the rise 
in pressure appears to depend, not upon the change in angle but on the 
increase in moment. A specimen compressed between angled plates is 
subjected to a moment that increases with the load until the disc is at 
the .same angle as the loading plates ; after this the moment is constant, 
i.e. an increase in load does not furth er increase the moment. 
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The motion of the segment (the disc's - and the vertebral body's _ 
deformation) can be visualized in terms of a section along one main plane, 
with the forces acting in this (Figs. 56 and 57). Since the system is 
statically indeterminate, the distribution of forces in the section must 
be visualized in model form, with the arrows representing the tension 
in the annulus fibrosus' anterior and posterior circumference (p1 and Pa), 
the nucleus on either side of the centre (pn1 and pn2) and the ligamentum 
flavum (p0) together with the external load on the disc (P) and any 
additional load (P5). Every external load, centric or eccentric, elicites a 
thrust and a new position of equilibrium. Thrust is elicited, however, 111 

Fig. 56. 

} 
moments from force s acting 

0 on arches 

0 } moments from forces in t !.) = t m 
0 annulus fibrosus 

} 
moments from 

0 force• in nucleus 

Fig. 57. 
Slmpllfled vector analysis of Intact 
specimen when loaded centrally. 

Simplified vector analysis of intact 
specimen when loaded eccentrically 

the vertebrae as well (cf. p. 62) and their geometry and composition 
further complicate the picture. 

Fig. 38 illustrated how a small force applied to the spinous process resulted 
in a relatively large change in angle in the unloaded disc ( + 1.5° ). In the 
specimen described in Fig. 58 the force in the spinous process Was 
gradually increased from 0 to 10 kp. a = 1.5 was first recorded in this 
disc at a flexion moment of 45 kpcm in the centre of the disc, compared 
with 12 kpcm in specimen 17. This difference may, however, be attributed 
to the discrepancy between the dimensions of these specimens (see Table 
4, p. 68). The change of angle (a) is plotted in Fig. 58 as calculated 
according to the normal method {formula 2b, p. 52) as well as according 
to formula 2a to show the deformation in the vertebral arch. 
As shown the rotation in the sagittal (and the frontal) plane is not a 
linear function of the moment but has a characteristic S-shape, the 
curve of which is related to the moment as well as to the vertical force. 
Thi~ is further illustrated in Fig. 39, which is made up of such graphs 
for one specimen with several loads. It will be seen more clearly that the 
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discs resists extension more than flexion and that this resistance increases 
with the eccentricity of the load. This must be because the annulus fibrosus 
is compressed under increasing resistance, so that an increasing moment 
gives a tendency to the opposite direction of rotation. Since the disc is lower 
dorsally than ventrally, the moment acting in the direction of rotation in­
creases more rapidly during dorsiflexion. The effect can also be reinforced 
by the horizontal displacement and by the annu lus bulging on the compres­
sed side and being stretched on the other, so that the disc's centre of 
gravity is displaced in the direction of rotation. 

The stabilizing effect of the dorsal elements was studied by applying 
positive, eccentric loads and cutting the supraspinous and interspinous 
ligaments, the ligamentum flavum and the joint capsules one by one. Only 
the ligamentum flavum was found to have any restrictive effect within 
the range of movement tested. Removal of the intervertebral joints did not 
lead to any further increase in the range of movement. Nor did the asym­
metric intervertebral joints appear to impede movement in either the 
sagittal or the frontal plane. The combined results for these specimens 
thus illustra tes the effect of cutting the ligamentum flavum (Figs. 59 a and 
b and 60 a and b). The balanced position appears to have been displaced 
towards the centre. There is a tendency, not signifi cant, to an increased 
change of angle for both positive and negative eccentricity and to the 
corresponding change in the ventral height of the disc. In the frontal 
plane, too, there is the same small tendency for the angle to increase. 
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The effect of fusion 

Fusion was simulated with plastic casts as described above (p. 33). A total 
of 33 lumbar interspaces in 32 specimens were fused. Type 1 fusion 
(between the spinous processes) was performed on 9 specimens, type 2 
(including the intervertebral joints) on 17 and type 3 (including the 
transverse processes) on 6 specimens. The results are reported along the 
same lines as for the intact specimens. The effect of fusion on the pattern 
of motion is of quite a different order than the relatively small differences 
between specimens with degenerated and normal discs. Consequently, 
the fused specimens have not been sub-divided according to the degree of 
disc degeneration. For the sake of comparison, the diagrams below thus 
include the corresponding curves (shaded areas) for all intact specimen~ . 

Posterior fr-esion in general. 
Figs. 61a and b show the change of angle in the sagittal and frontal planes 
for different eccentricity intervals at loads of 3 - 4 kp/cm2• In the 
sagittal plane, the average change of angle is positive for both negative 
and positive eccentricity. There is a steady increase in a positive direction 
from the largest negative eccentricity. When loading over the geometric 
center of the disc, the change of angle is equally large for fused and intact 
specimens, but at the largest positive eccentricity the change of angle 
after fusion is only 20 per cent of that for intact specimens. 
Measurements are lacking for the extreme eccentricites during lateral 
flexion. For central loading, however, there is no spread of the measure­
ments, indicating that this interval of eccentricity falls within the width 
of the fusion so that loading in this region does not give rise to any 
rotating moment in the frontal plane. Increased eccentricity results in 
symmetrically increasing rotation in both a positive and a negative 
direction. 
Figs. 62 a and b and 63 a and b show the relative (e) and absolute (8v) 
deformation at points 1 and 2. As in the case of the change of angle, e1 
displays only negative values which rise continuously as the load is moved 
in a ventral direction, i.e. as the moment in relation to the fus ion increases. 
The eccentricity interval + 0.75 to + 1 has a preponderance of type 3 
fusion, hence the misleading curve of the graph. Central loading gives 
almost the same deformation for both intact and fused specimens. 
For lateral flexion and positive eccentricity the deformation at the right­
hand measuring point after fusion is approximately half that with intact 
specimens. With negative eccentricity Bil (and 82) is positive but the total 
def~rmation in a positive direction is only one-third of that for intact 
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specimens. At central loading the compression after fusion is considerably 
less than with intact specimens, unlike the finding for loading in the 
sagittal plane. This is because central loading after fusion always gives 
a positive value for the angle a, so that the top-plate of the specimen angles 
forward against the sagittal, horizontally positioned loading edge. This 
means that the resultant of the loads in the frontal plane lies somewhat 
dorsal of the centre, reducing the sagittally rotating moment. 
The effect of fusion on the intradiscal pressure is shown in Fig. 64 . The 
pressure is considerably less after fusion with negative eccentricity, i.e. 
loading near the fusion, and increases gradually as the load is moved 
ventrally and the moment is thereby increased. For large positive moments 
the intradiscal pressure may be greater at the same load after fusion 
than for the corresponding intact specimen. Fig. 65 shows the quotients 
for the discal pressure after fusion divided by that in the same intact 
sp cimcns at the same load. Thus, a quotient of 1 indicates that the pressure 
wa the same before and after fusion, while quotients greater than 1 
indicate that the fusion led to an increase in intradiscal pressure. On an 
average, there was a reduction by 50 per cent. In 21 comparable series 
of intact and fused specimens the intradiscal pressure remained unchanged 
or increased after fusion. 

Fig . 64. 
lntradlacal pressure (Pd) 
1. boforo fusion 
2. afte r fusion 
Load Interval ~ kp/cm• 
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Fig. 65. 

lntrad iscal pressure rati o: fu sed spec. 
intac t spec . 

Each rati o represents one specimen, before and 
after fusion. 
Each speci men provides a ratio va lue for each 
posi tion of the load ( = 4 kp/cm') . 

1,0 1,5 Ratio: Pd fusion 
Pd l nL3C [ 

Posterior fusion according to method. 
The individual vertebra in a fused segment may be regarded as a beam 
clamped at one end (the arch) and with the other end (the vertebral body) 
resting on several deployed supports. As already mentioned, the system 
is statically indeterminate and consequently the di stribution of forces 
cannot be calcul ated. As a work in g model, however, one can visualize 
the moment acting in the sagittal section (Fig. 66). The only difference in 
principle between the three types of experimental fu sions is in the 
distance between the clamp and the support. In other words, a central load 
on the vertebral body resul ts in the greatest bending moment in ty pe 1 

Fig. 66. 
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Simpli f ied vec tor analysis of fu sed spec imen 
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fusions and the least in type 3, type 2 lying somewhere between these two. 
Since it has been shown (Fig. 32 and 58) that a vertebra is quite deformable 
it is clear that the relatively long, unsupported part of the "beam" in typ~ 
one fusion permits a change of the angle in both a positive and a negative 
direction . The possibility of negative rotation diminishes the further the 
extension of the fusion in the ventral direction. The system is visualized 
in Fig. 66, showing arbitrary resultant forces and moments for the various 
supporting surfaces. The fixation in the fusion is accounted for by a force 
upwards (the thrust) and a (negative) clamping moment. 
Fig. 67 shows the change of angle in the sagittal plane during constant 
loads on a fused specimen (type 2) at different eccen tricities. Fig. 68 
;hows the results for loading after excision of the disc. Once the disc has 
been removed, the vertebra can obviously offer little resistance to bending. 
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The stab ility of a segment after fu sion is thus still highly dependent upon 
the load-carrying capacity of the disc. Compared to the intact specimen 
(Fig. 39), the resista nce to bending with negative eccentricity is ext remely 
large at a ll loads, but diminishes gradually as the load is shifted ventrally. 
Within the range of loads applied , the regression is steeper throu ghout 
after fus ion than for intact specimens. On the other hand, the change of 
angle with increasing load tends to diminish for intact specimens, but to 
accelerate after fusion . Thus, the in tact specimen is characte ri sed by the 
disc's increased rigidity w ith increasing loads whil e th e fused specimen is 
cha racterised by the elastic change in the bone. 
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This brings us to a consideration of the effect of different types of fu sion. 
Figs. 69 and 70 show the relative displacement at point 1 and the change 
of angle in the sagitta l plane. Type 1 fusion results in a considerable 
depression of the disc's ventral circumference for positive as well as 
negati ve eccentricity, but the deflexion accelerates towards the extremes. 
Accordingly, the angle changes only a little during loading around 
the central position and it is only at the extreme eccentricities the tendency 
to rota tion increases rapidly in both a negative and a positive direction . 
Type 3 fu sion displ ays a considerably greater stability with respect to both 
vertical displ acement and change of angle, while positive rotation occurs 
even at maximum negative eccentricity. As already mentioned, type 2 
fusion represents an intermediate condition. 
For loading in the frontal plane, the compressi.on with centric loading is 
considerably greater after type 1 fusion than in intact specimens, while 
during eccentric loading the depression and elevation of point 2 is almost 
as la rge as in intact specimens and the angle change is only slightly smaller. 

Fig. 71 (a- cl). 
Roentgenograms of spec. nr 16 L2-L3 fixed in the loading apparatus, (a, b) intact 
specimen, (c, d) specimen w ith long screws through the intervertebral joints. 

110 



Type 3 fusion, on the other hand, shows very sli ght negative defo rmations 
for positive eccentricities - still negative at maximum negati ve eccentri­
city. The change in angle gives a symmetrical curve but the changes a re 
small both positively and negatively. 

In 8 specimens(including one comprising several segments) the intervertebral 
joints were fi xed with screws in stead of a plasti c cast (Fig. 71). Techni call y, 
this results in an upward thrust but no (or a very small ) clamping 
mom ent. The screws exert a certain stabilizing effect at negati ve ec­
centricities but at positive eccentricities the results rapidly approx imate 
to those for the intact specim en. There is a considerable spread because 
the introduction of the screws resulted in a positive rotation th at va ried 
between the specimens; in other words, this spread does not indica te any 
major difference in behaviour. 
The intradisca l p ressure fo r different types of fu sion and for specimens 
fi xed with screws through the intervertebral joints is shown in Fig. 72. 
There is a tendency fo r the pressure to increase from negative to positive 
eccentri city . The curve for type 1 fusion is low initia ll y because this 
relati vely unstable fixa tion gives the disc a greater chance of balancing 
the fo rces produced. Both here and with screws through the intervertebral 
joints, however, the intradiscal pressure increases rapidly at maximum 
positi ve eccent ricity and reaches or exceeds the level for the intact 
specimens. 
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Fig. 73. 
Differtnt types of fractu.res produced by loading fused specimens after excision of the discs. 
(a) Spec. nr 23 L2- LJ. Type 1 fusion. Fracture through the base of the spinous process. 
(b) Spec. nr JO L4- L5. Type 2 fusion. Fracture through the laminae and articular 
processes. 
(c. d) Spec. nr 14. L2- L3 Type J f11sion. Fracture through the pedicles. 

Fused specimens with excised disc. 
As discussed above, vertebrae in a fusion display very slight resistance 
to downward bending in the actual region of deformation. The expe­
rimental fusions were dimensioned to prevent any measurable deformation 
in the mass of the fusion itself and consequently the specimens fractured 
in front of the fused parts - at the clamp (Fig. 73). H ad the fu sion 
material consisted of bone, the bending strength would similarly have had 
to exceed that of the vertebrae as otherwise the fracture would have 
occurred in the region of the fusion. Fracture arose in these specimens 
at an average bending moment of 185 + 18 kpcm. D ata for the 28 
specimens included in this series are given in Table 8 and 9 (p. 113). Since 
the stress in fused specimens is proportional to the deformation at the point 
of loading, the stress is multiplied several times over when the upper 
vertebra in the fu sed segment lacks support from the disc. 
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Table 8. 
Data aquired at point of fracture of fused specimens with excised discs. 
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2 3 2 18.0 20 2.8 4.3 3.4 3.0 - 9 36 
4 2 1 45 .3 20 1.1 4.0 2.7 1.4 -3 91 
5 1 1 43 .5 10 0.5 6.0 4.9 2.9 - 3 44 
6 4 1 39 .5 80 3.4 5.0 4.0 3.7 -5 3 16 
7 2 2 32.5 77 5.0 5.3 2.8 1.9 -3 250 
7 4 2 28.0 56 3. 1 2.5 2.4 2.3 -4 157 

13 1 3 22.0 94 8.2 4.0 3.6 3.3 ± 0 207 
14 2 3 26.5 11 8 6.0 3.7 2) 1.8 + 1 313 
14 4 3 25.5 145 7.6 5.2 3.0 0 .8 ± 0 370 
15 1 3 28.0 59 3.8 5.2 3.2 1.7 - 3 165 
15 3 3 28.8 101 5.8 2.4 1.3 0.3 ± 0 247 
16 2 2 31.5 73 3.9 2.8 2.0 1.3 - 5 230 
16 4 2 26.0 65 3. 1 4.0 2.9 1.8 -5 169 
19 5 2 10.8 98 4.0 3. 1 2.7 2 .3 - 22 105 
20 2 2 23.8 78 4.2 3.5 2.6 1.8 - 12 185 
21 3 2 16.0 91 4.5 4 .8 2.4 1.6 - 14 146 
22 2 2 30.8 35 1.8 2.0 1.7 1.3 - 6 108 
22 4 1 37.0 20 0.9 2.8 2.1 1.5 -8 74 
23 2 1 35.3 42 2.4 4.8 3.2 1.6 -5 14 8 
25 4 1 21.4 45 2.5 6.0 4.8 3.0 - 21 96 
26 2 2 22.3 87 3.8 3.8 2.3 1.2 -8 194 
26 4 2 23.5 146 5.6 6.0 4.7 3.4 - 5 343 
27 2 3 29 .0 73 3.3 3.9 3. 1 2.0 ± 0 212 
27 4 2 36.8 37 1.6 5.5 3.3 1.1 ± 0 136 
29 4 2 26.3 120 7.9 2.5 1.3 0.9 -6 315 
29 3 2 26.3 108 6.4 4.6 2.8 1.5 + 4 284 
30 4 2 30.0 69 3.S 5. 1 5. 1 5.1 + 1 207 
32 3 2 25.0 12 1.2 5.5 4.4 3.6 - 3 30 

x 3.6 x4 x3 x.2 x 185 

Table 9. Bending moment at fracture (x) . 

Nr of specimens 
Fusion type tested x kpcm + SE 

1 6 128.2 36.6 
2 16 180.9 21.8 
3 6 252.3 28 .3 

1+ 2 + 3 28 184.9 17.7 

113 



Specimens comprising more than one motion segment. 
As already mentioned, the pattern of deformation for specimens in­
corporating several discs is too complex to permit direct comparisons 
between specimens. The differences between the specimens are mainly 
asc ribable to differences in the geometry of discs and vertebrae and the 
number of segments included. The pattern of deformation for the 8 speci­
mens in this series, illustrated here by two examples, revealed no differences 
in principle. 
Specimen no. 29, from an adult individual with normal discs, comprised 
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L3 , L4 and LS w ith the tw o intermediate discs. The specimen was arranged 
and fas tened in the load ing apparatus in the usua l way. It was loaded 
first as an in tact speci men w ith the vertical load applied centrall y and 
with positi ve a nd negati ve eccentricities. A plastic cast was then applied 
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which fused the spinous processes, laminae and intervertebral joints of 
the three vertebrae in a single block. The loading series was then repeated 
as for the intact specimen. As a limited number of pressure and motion 
gauges were avai lable, consequently the measurements were made first 
on the lower disc and then repeated with the gauges applied to the 
upper disc. 
The results for intradiscal pressure' in each disc before and after fusion 
are presented in Fig. 74 and for the change in angle in Fig. 75. The 
eccentricity was measured in millimeters positively and negatively from 
the frontal plane through points 2 and 4 on the lowermost (fused) 
vertebral body. The unloaded specimen displayed a slight lordosis and 
was fused in such a way that central loading over the disc L4 - LS gave 
a negative eccentricity for the disc L3 - L4. The changes of angle in 
the two discs and the fact that the two uppermost vertebrae cou ld become 
hori zontally displaced caused the specimen to buckle so that the middle 
vertebra (L4) was displaced horizontally against the direction of rotation. 
As a result, the lower disc was subjected to less eccentricity than the one 
above. This is reflected in both the intradiscal pressure and the change of 
angle, both of which are greater for the upper than the lower disc at both 
positive and negative eccentricities. Otherwise, however, the changes in each 
interspace are entirely in line with those observed in specimens comprising 
two vertebrae only and the intermediate disc. 
Specimen no. 32 came from a five-year old ch ild who had died after 
a skull injury. The specimen comprised the vertebrae L2 - LS with the 
three intermediate discs. It could not be fixed satisfactorily to the sacrum 
alone so half of the body of LS had to be included in the casting to the 
loading apparatus. The vertical frontal plane through points 2 and 4 
on the body of L4 was taken as the zero plane for eccentricity. The 
specimen was so small and the vertebral bodies so low that only one serie of 
makers was placed in each vertebra. No direct measurements were 
made of the deformation in the vertebral bodies. The angles given were 
measured between the makers on the vertebral body (formula 2b) . It should 
be noted, however, that comparisons with calculations of the angle bet­
ween points 1 and 5 (formula 2a) reveal differences of almost 1°, which 
are thus ascribable to deformation in the bone during eccentric loading. 
With this specimen the gauges had to be moved between three discs; 
consequently the loading series had to be repeated three times on the intact 
specimen, and three times after fusion (type 2) of the vertebrae L3 and L4 . 
. The results for intradiscal pressure and change of angle are given in Tables 
10 and 11. With this specimen, too, it should be noted that the eccentricity 
is not identical for all three discs during each loading series. Counter-
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I 
Table 10. 

Nr 32 
L2-L3-L4- L5 
Fusion Type 2 

I 
Sagittal 

lntradiscal premtre pd kplcm2 in a specimen including three discs; tested 
intact ( figures in brackets) and after fusion of the intermediate segmen t. 

I 

I 

Load Disc-
kp/ level 

I " - 12 cm-

(1.3) 
L2-L3 1.8 

1 
(1.8) 

L3-L4 l.3 
(1.4) 

L4-L5 1.4 --
(2.9) 

L2-L3 3.6 

2 
(3 .8) 

L3-L4 2.6 
(2 .8) 

L4-L5 2.8 -- (4.6) 
L2- L3 5.2 

3 
(5.9) 

L3-L4 4.0 
( 4.1 ) 

L4-L5 4.2 
(6.3) 

L2-L3 6.6 

4 
(7.7) 

L3-L4 5.4 
(5.4) 

L4-L5 5.5 
(7 .6) 

L2-L3 7.8 

5 
(8.6) 

L3-L4 6.7 
(6.6) 

L4-L5 6.9 
(4 .5) 

L2-L3 5.0 

Mean 
(5.6) 

L3-L4 4.0 
( 4.1) 

L4-L5 4.2 

Eccentricity (mm) o f the load 

-8 I -4 

(1.7) (1.8) 
2.2 1.6 

(2.1) (1.8) 
1.3 1.4 

(1.4) (1.5) 
1.5 1.5 

(3 .6) (3.7) 
4.2 3.1 

( 4.1) (3.7) 
2.6 2.8 

(2.9) (3.0) 
3.0 3.0 --

(4.9) (5.3) 
5.9 4.6 

(6 .2) (5.6) 
3.8 4.2 

( 4.3) ( 4.2) 
4.5 4.5 

(6.2) (6.7) 
7.5 6.0 

(7.7) (7.1) 
5.1 5.5 

(5.6) (5 .5) 
5.8 5.9 

(7 .5) (7.5) 
8.9 7.0 

(8 .9) (8.3) 
6.7 7.0 

(6 .8) (6.9) 
7.1 7.3 

(4.8) (5 .0) 
5.7 4.5 

(5 .8) (5 .3) 
3.9 4.2 

(4 .2) (4.2) 
4.4 4.4 

1 0 

(1.5) 
1.9 

(2.0) 
1.1 

(1.6) 
1.5 

(3.1) 
3.8 

(3 .9) 
2.6 

(2.9) 
3. 1 

(4.6) 
5.6 

(5.4) 
4.2 

(4.3) 
4.6 

(6.2) 
7.2 

(6.3) 
5.7 

(5.6) 
6.1 

(7 .2) 
7.9 

(7.2) 
7.2 

(6.9) 
7.4 

( 4.5) 
5.3 

(5.0) 
4.2 

(4.3) 
4.5 

I + 1 
(1.3) 
l.9 

( 1.8) 
1.2 

(1.2) 
1.5 

(2 .9) 
3.7 

(3.7) 
2.7 

(2.7) 
3. 1 

(4.6) 
5.3 

(5.5) 
4.5 

( 4.1) 
4.7 

(6.1) 
7.0 

(7.0) 
6.4 

(5.4) 
6.1 

(7.3) 
8.5 

(8 .1) 
7.7 

(6.9) 
7.3 

( 4.4) 
5.3 

(5.2) 
4.5 

( 4.1) 
4.5 

+ 4 
(-) 
1.8 

(2.1) 
1.3 

(1.4) 
1.7 
(-) 
2.7 

(3.9) 
2.8 

(2.9) 
3.1 
(-) 
4.1 

(5 .5) 
4.3 

( 4.2) 
4.5 

(-) 
6.9 

(6.9) 
6.0 
(-) 
5.7 
(-) 

(-) 

(-) 

(-) 
3.9 

(4.6) 
3.8 

(2.8) 
3.8 

Mean 

(1.5) 
1.9 

(1.9) 
1.3 

(1.4) 
1.5 

(3.3) 
3.5 

(3.9) 
2.7 

(2.9) 
3.0 

( 4.8) 
5.1 

(5.7) 
4.2 

(4.2) 
4.5 

(6.3) 
6.9 

(7.1) 
5.7 

(5.5) 
5.9 

(7.4) 
8.1 

(8 .6) 
7.1 

(6 .8) 
7.2 

(4.7) 
5.1 

(5.4) 
4.2 

(4.2) 
4,4 
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Table 11. 
Nr 32 
L2-L3-L4- L5 
Fusion Type 2 
Sag ii ta I 

Change of angle (a0
) in a specimen including three discs, tested intact 

(figures in brackets} and after fusion of the intermediate segment. 
-

Load Disc- Eccentricity (mm) of the load 
kp/ level 

I I I I cm2 -12 -8 -4 -+-o + 2 
(-0.66) (-0.50) (-0.07) ( + 0.45) ( + 0.87) 

L2-L3 -0.72 - 1.04 -0.84 - 1.75 -2.40 

1 
(-0.31) (-1.45) (-1.48) (-1.60) (-1.19) 

L3-L4 -0.17 - 0,02 -0.05 + 0.05 + 0.02 
(-0.71) (-0.56) (-1.18) (-0.17) (-0.10) 

L4-L5 -0.19 -0.10 -0.13 -0.19 -0.20 
(-1.16) (-0.98) (-0.17) (+ 0.89) (+ l.16) 

L2-L3 - 1.43 - 1.87 - 1.68 -3.38 -3.40 

2 
(-0.91) (-2.52) (-2.31) (-2.21) (-2.00) 

L3-L4 -0.27 - 0.05 -0.05 + 0.06 + 0.07 
(-1.43) (-1.11) (-1.64) (- 0.39) (-0.13) 

L4-LS -0.39 - 0.18 -0.23 -0.30 -0.40 
(-1.52) (-1.20) (-0.33) ( + 1.28) (+ l.66)-

L2-L3 -2.04 -2.24 -2.25 -3.46 -3.26 

3 
(-1.76) (- 2.89) (-2.62) (-2.35) (-2.13) 

L3-L4 -0.28 -0.08 -0.06 + 0.07 + 0.14 
(-1.59) (-1.24) (-1.59) (-0.70) (-0.37) 

L4-L5 -0.62 -0.26 -0.28 -0.41 -0.57 
(- 1.88) (- 1.42) (-0.45) ( + 1.68) (+ 2.51) 

L2-L3 -2.52 -2.61 -2.51 -3.52 -2.82 

4 
(-2.47) (-3.21 ) (-2.94) (-2.59) (-2.26) 

L3-L4 -0.29 - 0.12 - 0.08 + 0.11 + 0.14 
(-0.71) (-1.27) (-1.62) (-1 .09) (-0.67) 

L4-L5 -0.85 -0.41 -0.29 -0.50 -0.67 
(-2.25) (-1.64) (-0.49) (+ 2.10) (+ 3.18) 

L2-L3 -2.80 -2.85 -2.97 -3.41 -2.37 

5 
(-2.86) (-3.49) (-3.24) (-2.73) (-2.38) 

L3-L4 -0.36 -0.14 -0.14 +0.15 + 0.23 
(-1.83) (-1.40) (-1.66) (-1.51) (-1.22) 

L4-L5 -1.00 - 0.56 (-0.29) - 0.54 -0.79 
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balanc ing in the di scs by means of horizontal displacement is sti ll more 
noticeable than in the previous specimen owing to the larger number of 

I motion segments. The initial position of the specimen ("own shape" Fick, 

1 

1904) is shown in F ig. 76. The automatic balancing in the specimen is 
illustrated schematically for the intact specimen (Fig. 77 a) and after 

1 fus ion (Fig. 77 b). It wi ll be seen that a lthough changes of angle do 
occur positively and negatively after fusion of the interspace L3-L4, 
they a re very small. At zero a nd + 2 mm eccentricities the disc L3-L4 

I rotated in a negative direction before fusion but in a positive afterwards. 
This change of angle was accompanied in the disc above, by a relatively 
large positive change of angle, in the intact specim en, to a relatively 
large negative change after fusion of the middle segment. The lowermost 
disc displayed negative rotation throughout, but this was considerably 
smaller after fusion of the middle segment. Fusion thus resu lted in 
a quite different balanc in g of the complete specimen owing to the fact 
that the scope for horizontal displacement was largely eliminated in the 
fused segment. 

Fig. 76. Lateral X-ray v iew of spec. nr 32 L2-L5 (c.f. Fig. 77 ). 
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Fig. 77. 
Scheme of horizontal shift (buckling) in a specimen (Nr 32) including three discs at various appl icat ion 
of a constant load (5 kp/cm') tested (a) intact and with the intermedial disc fused (b) . 



V Sumn1ary and conclusions 

Lo w back pain has frequently been interpreted as a mechani cal di sturbance 
based on structu ral changes in one or severa l intervertebral di scs. Th e 
selection of suitabl e cases for fusion on the basis of this assumption has 
fo iled, however, to give uni fo rm results. In mecha nica l terms, the aim 
of fu sion is to prevent motion and to relieve the load on the intcrvc rtebra l 
disc. To achieve this, various surgical procedures have been developed, 
a pproachi ng different parts of the vertebrae. 

In order to elucidate the mechani cal efficiency of different type of 
posterior lumba r fu sion , experim ents were made in the p resent study on 
autopsy sp ecimens. A method was developed for fusing the posterior 
clements of two vertebrae w ith plasti cs in such a way as to preclude both 
slipping a t the junction between bone and pl asti cs and a ny appreciable 
deform ation in the plastic cast itself. Precautions were taken to avoid 
desiccation during the experiments as well as an excessive temperature 
during ha rdening of the cast . Three types of fusion were simulated. 
Type 1, in volving only the spinous process, corresponds to Albee's graft. 
Type 2 includes the laminae and intervertebral joints (a combination of 
Albee's and Hibbs' fusion) whil e type 3 includes the transverse processes 
as well. U sing a compression apparatus, the specimen was subjected to 

vertical loads corresponding to those incurred in the upright body posture 
and in bending forwards, backwa rds and to the sides. The load was appli ed 
in such a way that its position in relation to the centre of the di sc could 
be measured and va ried. The lower vertebral body was firmly fi xed in the 
loading appa ratus, while the upper part of the specimen was free to mo ve 
horizontally and vertically in the pl ane being studied and thereby adjust 
its position to the load applied. D efo rmations and displ acements, both 
vertical and hori zontal, in the disc and vertebral body were measured 
with extensometers applied between markers on the specim en itself. Thi s 
meant that no externa l reference points were necessary and separate 
measurements could be made of different parts of the vertebra a nd disc, 
giving grea ter accuracy tha n could be achieved with previous method s. 
Vertical deform ations in the segment were measured between the spinous 
processes, a long the anterior surface and both sides of the di sc as well as 
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between two markers on the upper vertebra l body. For investigat ions in 
the sagittal plane, horizontal displacement was measured on the upper 
spinous process and on the anterior margins of both vertebrae. The 
pressure in the centre of the disc was also measured at the same time. 
The vertica l load was increased by stages and recorded, together with 
the co rresponding deformations, via an electric monitor and recorder. The 
specimens were subjected to series of loading with varying eccentricity 
in the fronta l and sagittal planes, both in an intact state and after fusion, 
as well as after excision of the disc from the fused specimen. 
A total of 71 specimens were studied, from 38 autopsies. Some 1500 loading 
sequences were carried out on these. 
The tested discs were examined macroscopically and classified into 4 
degrees of degeneration . Groups 0 and 1 were regarded as normal discs 
and groups 2 and 3 as discs with an increasing degree of degeneration. 
Fusion was performed on 33 specimens and the remainder were investi­
gated for the stabilizing effect of ligaments and intervertebral JOmts or 
used for other special studies. 
From the primary data, calculations were made of the load per unit 
area, the relative (percentage) deformation of the disc at each measuring 
point as well a the change of angle in the sagittal and frontal planes. 
Tables were compiled for each loading sequence, giving the primary data 
and ca lcul ated values, and graphs were drawn for each parameter. 
The in vestigation was arranged so that each specimen served as its own 
contro l. There were considerable differences between the various specimens , 
particularly in their geometric properties (initial angle, height and su rface 
of the disc). By using relative figures for the size and location of the load 

• 
for the deformations measured and for intradiscal pressure, it was 
nevertheless possible to combine the results and report them in diagram 
form, a means with their standard deviation. Special aspects cou ld be 
illustrated with graphs from single specimens. 
The geometric centre of the disc was defined as the mid-point of the 
sagictal diameter, measured between the tangents to the ventra l and 
dorsal peripheries of the horizontal cross-section . If a vertical point-source 
load is moved along the sagittal diameter, a point - characteristic of 
each disc - wi ll be reached at which the height of the disc is diminished 
equall y all round its periphery. This point (termed the balanced position 
of the load) lies at an average 2.5 mm dorsal to the geometric centre 
of the disc, but is here equated with chis for the sake of convenience. 
Central loading thus means that the disc is compressed without any change 
of angle in either the sagittal or the frontal plane. As the central load 
.increases, the disc becomes gradually more rigid, indicating its viscous 
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nature. For all specimens the compression of the disc amounted to only 
3 per cent with an external load of 5 kp/cm2 disc area (a total load of 
about 100 kp) . Measurable deformation of the vertebral body starts at 
about this load ; as the rigidity of the disc increases so does the deform ation 
of the vertebral body . Previous investi gations with external reference 
points have in actual fact produced a combination of these two curves 
for disc specimens, plus a large initial deformation arising from adaptation 
of the specimen to the loading surfaces . The deform ation curve for disc 
and vertebral body is indicative of an excell ent balance between the two 
different materials comprising a segment. At relatively small loads, 
energy is absorbed in the disc, but, as the load increases, the energy is 
gradually taken up by the vertebral body until, ultim ately , the end­
plate frac tures. 
Degenerated discs show a larger vertical deformation than normal ones, 
at least up to loads of 100 - 120 kp. The difference is small in absolute 
figures, but statistically significant. 
Eccentric loading involves a vertical force acting at the centre of the 
disc and a moment, both of w hich elicit counterforces until a new balance 
is set up through a change in the shape of the disc and in the angle between 
the verteb rae. For the same moment and the same vertical load, the disc's 
resistance to a change of angle is greatest in ex tension, less in lateral fl exion 
and least in fl exion. A load of 60-80 kp acting through its resultant at 
half the radius of the disc, gives extension of approxim ately 0.02 ra­
dians (1.1 °) but fl exion of approximately 0.04 radians (2.3 °). The 
change of angle is not proportional to the moment but diminishes as this 
increases. Similarly for the same moment, an increasing vertical load 
component results in a diminishing tendency to change of angle. Con­
versely, this implies that the spinal musculature can straighten the sp ine 
from a posture of fl exion with a smaller moment than th at achieved 
by the superimposed body weight. In this respect the disc se rves as an 
energy-saving device in the constru ction of the spine. 
In keeping with the greater vertical deformation of degenerated discs, 
these also display less resistance th an normal discs to fl exion. On the 
other hand, no instability in the form of increased horizontal displacement 
was detected in the degenerated discs studied in this investi gation. The 
horizontal component in ventrodorsal and lateral motion seldom exceeded 
± 1 mm and was never more than + 2 mm. The pictu re might differ if 
larger levers were used for the load. 
On excision of the intervertebral joints and severance of the ligaments 
between the posterior elements, a slight increase in the dorsal height of the 
disc was observed w hen the ligamentum flavum (interarcuate ligament) 
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was cut, demonstrating that this ligament produces a small pre-load on 
the disc, the significance of which is eliminated upon vertical loading. The 
ligamentum flavum is probably not an essential factor in the mechanics of 
the spine, its function being rather to give the vertebral canal a smooth, dor­
sal covering in all positions of the spine. The intervertebral joints are so 
designed that they resist torsion in the segment, but, in the present study 
and for the range of movement tested, they did not impede either extension 
or lateral flexion. 

Fusion of the posterior elements of the vertebrae gives rise to a force 
acting cranially in the segment and a moment directed dorsally. The size 
of this moment is conditioned by the physical properties and dimensions 
of the fu sion material and by the leverage of the vertical load. In the 
experimental fusion, the plastic cast was dimensioned so as to give no 
appreciable deformation. In fused specimens w ith the disc excised _ 
loaded as a cantilever - the posterior elements fractured, immediately in 
front of the fusion, i.e. for type 1 through the base of the spinous process, 
for type 2 through the laminae or articu lar processes and for type 3 
through the pedicles. The bending moment at fracture was 128 ± 37 kp 
for type 1 fusion, 181 + 22 kp for type 2 fusion, and 252 ± 28 kp for 
type 3 fusion (mean 185 ± 18 kp) . The mean load at fracture was 70 kp 
applied 5 mm dorsal to the specimen's centre. It seems unlikely that even 
the strongest posterior fusion (combining Albee's Hibbs' and transverse 
fusion) in vivo wou ld be able to resist the force of superimposed body 
weight without anterior support unless all forward bending is restricted. 
If the strength of the bone is impaired, even the erect posture should be 
deleterious. 
The specimens fractured at a mean vertical displacement at the anterior 
border of the upper vertebra of 4 mm and at the posterior border of 2 mm. 
This displacement is much more than is possible with the intervening disc 
supporting the vertebral body. During loading of fused specimens with 
the disc excised, the greatest concentration of stress is immediately in front 
of the fusion and this is where the fracture occurs. The same load which 
fractures specimens from which the disc has been removed, produces a 
vertical displacement at the anterior border of less than 1 mm in specimens 
with the disc retained; this corresponds to a displacement at the posterior 
border of less than 0.4 mm. Thus, the strain in fused .specimens supported 
by the discs is less than 25 per cent compared to fused specimens with 
the discs excised. 
As the disc's resistance to deformation increases with the load, the per­
centage increase of strain in the fusion diminishes, at the same time as it 
grows in the disc. When maximal deformation of the disc has been reached, 
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the vertebra may be regarded as a beam supported at both ends and loaded 
at the anterior support. The strain in the fusion and the posterior elements 
will then increase only to the extent that the vertebral body is compressed. 
In intact specimens, a load applied in front of the centre of the disc 
produces compression in the anterior and tension in the posterior parts of 
this, and v ice versa for loading dorsally of the centre. This tendency 
naturally persists even after fusion, but, for the loads used, the bone's 
resistance to bending was sufficient to entirely prevent tension forces in 
the anterior part of the disc; the posterior part of the annulus, however, 
was subjected to tension if the unsupported part of the vertebra was 
sufficiently long, i.e. in type 1 fusion. In theory, the same effect should · 
be produced at a larger moment in type 3 fusion, but in practice, the 
vertebral body wou ld probably fracture first. 
With the disc retained, fusion thus results in a lifting force in the posterior 
elements and a dorsally directed moment; in this way, the angle of the 
segment is largely prevented from changing. The strain in the posterior 
elements and in the fusion is relatively sma ll but this suggests that, in 
spite of the fusion, the stability of the system is largely determined by 
the ability of the disc to resist tensile and compressive forces. The poorer 
the support which the disc can offer, the greater the st rai n on the fusion 
and the weaker its stabilizing effect. 
Further, this means that, to be mechanically efficient, a fusion requires good 
strength in both bone and disc. A spine weakened by infectious processes, 
tumors, osteoporosis or recent fractures seems hardly su itab le mechanically 
for a posterior fusion . In theory, a degenerated disc supports fusion less-well 
than a healthy one. The differences in behaviour observed in the present 
study between healthy and degenerated discs were relatively small. If the 
mass of the disc, however, is reduced through partial excision or through 
lesion of the endplates, there is less chance of achieving a stable posterior 
fusion. 
Fusion has the effect of distributing the vertical load over the seg­
ment in such a way that changes of angle are considerably reduced. The 
pressure is thereby distributed evenly over the entire disc. The intradiscal 
pressure, measured at the centre of the disc, is appreciably reduced when 
loads are applied near the fusion. From there it rises steadily, however, 
and for positive moments (flexion) tends to increase more rapidly than at 
corresponding loads without fusion, suggesting that moments larger than 
those employed in the present study would tend to produce a greater strain 
in the centre of the disc after fusion than before. 
In the case of specimens comprising several segments, the effect of the 
fusion is noticeable even in adjacent segments. These have to balance the 
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applied vertical loads in quite a different way after fusion. This can mean 
that a load which gave a change of angle in a negative direction before 
fusion produces a positive change in the free segments after fusion. 
Depending upon the application of the load - the moment - fusion can 
thus extert a stabilizing effect on the free segments or an increased strain 
as well. 
Although the conclusions which can be drawn from the results are 
naturally limited by the nature of the material and the methods used, they 
may provide a basis for clinical interpretations. 
These experimental results indicate that a posterior fusion obviously 

· provides a stabi lizing effect on the involved segment. It is not possible to 
obtain a complete obstruction of all motion between vertebrae, even if 
most parts of the posterior elements are fused. The effect is dependent on 
the forces involved. A posterior load resultant is counteracted by the 
fusion, whereas, a more anterior load will tend to put increasing strain 
on the di c. In the most extreme cases the strain on the disc may be even 
greater after than before a posterior fusion. 
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