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ABSTRACT

In this study, the gross, microscopic, ultrastructural,

and comparative anatomy and development of the sacroiliac

joint are presented. Sacroiliac joints were obtained from

108 human, 43 bovine, 24 equine, 21 porcine, and 21 canine

autopsies, spanning a full range of ages. The specimens were

photographed and examined under the light microscope. The

human specimens were also examined under the transmission and

scanning electron microscopes. The sacroiliac joint angle

and the relative lengths of the caudal and cephalad limbs of

the joint were compared between species.

On gross inspection, the sacral surface has the smooth,

shiny , creamy-white appearance of normal articular cartilage.

The iliac surface has the rough, dull, bluish appearance of

a thin layer of fibrocartilage. Histological and

ultrastructural examination confirms the presence of hyaline

cartilage on the sacral side and fibrocartilage on the iliac

side in all species. The equine joint has a greater angle

and a relatively shorter caudal limb than the other species.

The unique juxtaposition of hyaline and fibrocartilage

in the sacroiliac joint is explained by the developmental

anatomy of the joint. The sacral articular cartilage

develops directly from the primary hyaline cartilage anlage.

Enchondral ossification progresses from the primary centre of

ossification toward the articular surface. At maturity, a

hyaline cartilage cap is left as the articular cartilage. On



the iliac side, ossification of the cartilage anlage precedes

cavitation of the joint space. Therefore, the iliac

articular cartilage is derived from other progenitor cells

and not directly from the primary cartilage anlage. As a

result, it contains undifferentiated spindle cells and

secondary cartilage that matures into a thin layer of

fibrocartilage. The same situation is observed in the young

animal specimens.

Premature degenerative

cartilage in all species.

changes develop in the iliac

In the human, ultrastructural

signs of degenerative change can be observed in specimens

from the second decade of life onward. Similar changes are

observed on the sacral side by the third decade of life. A

similar chronology of events occurs in the animal specimens.

The iliac cartilage is affected at a very young age, followed

soon after by the sacral cartilage.
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(Figure 4.89)

The iliac side is generally much rougher than its sacral

counterpart. (Figure 4.90) Most of the surface is

fibrillated and covered with loose flakes of material. The

smoothest areas are usually located near the edge of the

articular surface. In some areas large crevices are visible.

(Figure 4.91) For the most part, the iliac surface in this

group of specimens is extremely rough.

surface. In rare cases, the sacral side is affected too.

4.2.3 Middle-Aged Adults

By middle age, the articular surfaces of the sacroiliac

joint are usually quite rough. This is especially true for

the iliac surface, but the sacral surface can be affected

also. Deep erosions down to the underlying bone can occur on

both surfaces, although this is much less common on the

sacral side. (Figure 4.92) There are still large areas of

relatively normal cartilage on both sides, but less so on the

iliac side. (Figure 4.93) Often the iliac side is covered by

flakes of loose material. (Figure 4.94) This occurs when

fragments of fibrillated fibrocartilage acoumuLatie at the

(Figure 4.95)

During the middle ages, the surface topography of the

joint becomes more irregular. Typically, there is a central

elevation on the iliac side that fits into a central

depression on the sacral side. (Figure 4.96) This
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arrangement is similar to a tram rail, and would certainly

limit any mobility present in the joint. However, there is

great variation in the surface topography among specimens,

and even between the right and left sides of the same

specimen. Fibrous fusion of the joint was observed in one

56-year-old male specimen in this group. (Figure 4.97) Of

the remaining nine specimens, eight were graded visually as

showing severe degenerative change and one was graded as

moderately degenerated. (Appendix A)

Ultrastructurally, both the cells and matrix show the

spectrum of degenerative changes described in the previous

section on young adults. However, these changes are more

common in the middle aged, and it is difficult to locate

areas that are not affected. In particular, the collagen

content of both the sacral and iliac matrices is increased.

This is most obvious in the interterritorial matrix on the

sacral side of the joint. (Figure 4.98) Proteoglycan

aggregates are visibly depleted, and are present only in the

territorial matrix. (Figure 4.99) In addition, matrix

streaks can be observed in areas of the sacral matrix in some

specimens. (Figure 4.100) In the iliac matrix, giant

collagen fibres are very common. (Figure 4.101) These fibres

result from fusion of normal collagen fibrils. The presence

of matrix streaks and giant collagen fibres represents a

regressive or degenerative change.

Most of the chondrocytes observed in these specimens

















r

appear abnormal.
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Intracytoplasmic filaments and lipid

droplets are commonly seen in the cytoplasm. (Figure 4.102)

Many of the cells appear necrotic. (Figure 4. 99b)

Chondrocyte clustering is common on both the sacral and iliac

sides. (Figures 4.93b and 4.99a)

4.2.4 Elderly Adults

After age 60, the sacroiliac joint becomes grossly

degenerated. All of the specimens appear to be severely

affected. (Appendix A) Both surfaces are rough and

fragmented. (Figure 4.103) The boundary between the

articular surfaces of the joint and the interosseous ligament

is blurred by the advanced degenerative changes, as well as

the absence of a posterior joint capsule. In one 75-year-old

female specimen, an accessory sacroiliac joint is present in

this region. (Figure 4.104) It appears as an iliac elevation

articulating into a sacral depression. Both accessory

surfaces are covered by a very thin layer of cartilage.

Accessory joints were not observed in any other specimens.

Histologically, the elderly specimens show signs of

marked degenerative change. The articular cartilage of both

surfaces is depleted of proteoglycan content, except in the

territorial matrix of some cells. (Figure 4.105) In many

cases, the iliac surface is extremely thin and degenerated.

(Figure 4.106) This causes a reactive subchondral sclerosis

because of increased loads on the bone below the thin

I













4.3 comparative Anatomy

4.3.1 Equine Specimens

The gross appearance of the newborn equine sacroiliac

joint is remarkably similar to the human, with the exception

of its shape. (Figure 4.113) The articular surfaces are more

crescent shaped than auricular. The sacral cartilage appears

off white and the iliac side appears dark brown to blue.

Like the human, there is a well developed anterior or ventral

joint capsule, but no evidence of a capsule along the dorsal

aspect of the joint. As such, fasciculi of the interosseous
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cartilage. (Figures 4.106 and 4.107) In one 78-year-old

male, there is a chondroid fusion of the left sacroiliac

joint. (Figure 4.108a) Although the other side is patent,

there are marked degenerative changes. (Figure 4.108b)

Ultrastructural changes observed in this group of

specimens are the same as previously described in the

preceding sections. Degenerative changes are more advanced

and the cartilage is less cellular. Giant collagen fibrils

are common in the both the iliac and sacral matrices. (Figure

4.109) Chondrocyte clusters contain both necrotic and viable

chondrocytes. (Figure 4.110) centrioles can be observed in

some cells, indicating cell replication and attempted repair

of the cartilage. (Figures 4.110 and 4.111) Most of the

cells contain many lipid droplets and lysosomes. (Figure

4.112)



















presence of proteoglycans. This metachromatic reaction is
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ligament can be seen to insert into the articular cartilage

on the sacral surface. Vascular pits appear as red dots on

the sacral, but not the iliac surface. (Figure 4.114a) These

represent small blood vessels in the sacral cartilage.

(Figure 4.114b) They largely disappear within the first year

of life.

Histological examination confirms the similarity to the

human. In the newborn, the sacral side is derived from the

sacral cartilage anlage, and the iliac side is composed of a

thin layer of chondrocytes covered by a layer of

undifferentiated spindle cells. (Figure 4.115) The sacral

chondrocytes are evenly dispersed within a hyaline cartilage

matrix. The iliac chondrocytes appear larger, and they form

short columns perpendicular to the joint surface. The

surrounding matrix stains metachromatically, indicating the

absent in the matrix within the undifferentiated cell region

near the iliac surface. In many cases, a large synovial tag

is present, extending into the joint space from the anterior

joint capsule. (Figure 4.116)

Over the first two years of life, the joint surfaces

appear relatively smooth. The sacral surface has the

polished look of articular cartilage, while the iliac side

has the rougher, more fibrous appearance of fibrocartilage.

(Figure 4.117) By three years of age, the specimens appear

moderately to severely degenerated. (Appendix B) In some
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cases, the sacral side develops large, deep crevices,

creating a multi-facet surface. (Figure 4.118) In all

specimens, the iliac side appears rough and fibrillated.

(Figure 4.119) By the age of ten years, it is difficult to

identify the joint surfaces on the gross specimens. (Figure

4.120a) There is proteoglycan depletion within the matrix of

both cartilages, and marked erosion, crevice formation, and

fibrillation on the iliac side. (Figure 4.120b) There were

no cases of joint fusion.

In most specimens, mobility was easily detected between

the sacrum and the ilium. (Appendix B) Two of the newborn

specimens and one three-year-old specimen were rated very

mobile. In one eight-year-old and one 15-year-old, the

mobility was barely detectable. There was no mobility

detected in the oldest specimen, a 16-year-old male.

4.3.2 Canine Specimens

The canine sacroiliac joint is more c-shaped than the

human or horse. (Figures 4.121 and 4.122) Its sacral surface

has the typical polished appearance of hyaline cartilage,

while the iliac surface has the rougher appearance of

fibrocartilage. There is no dorsal joint capsule, and the

interosseous ligament appears to insert into the articular

cartilage. The ventral joint capsule is present, and it

forms the inner part of the anterior sacroiliac ligament.

By the second year of life, both articular surfaces
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appear rough, and these changes are more pronounced on the

iliac side of the joint. (Figure 4.123) In older specimens,

the iliac surface is covered by loose flakes of degenerated

cartilage and the sacral surface becomes more rough. (Figures

4.124 and 4.125) Of the 23 cases examined, two joints were

fused in a ten and eleven-year-old specimen. (Appendix C) In

five additional specimens, there was no detectable mobility,

even though the joints did not appear to be fused. In six

specimens, mobility was easily detected. In the rest of the

specimens, mobility was barely detectable.

The histology of the canine sacroiliac joint is similar

to the other species examined. In young specimens, it

appears that the sacral side develops from endochondral

ossification of the cartilage anlage, much like the human.

(Figure 4.126) It is composed of hyaline cartilage and is

generally thicker than the iliac side. Chondrocytes are

evenly dispersed throughout the matrix, which stains

metachromatically because of its high proteoglycan content.

On the other side, the iliac matrix is more fibrous in

appearance and the chondrocytes

perpendicular to the surface.

are arranged in columns

Strands of collagen run

between the columns of chondrocytes. Near the surface, the

matrix is depleted of proteoglycans and the cells are not

fully differentiated. These findings are consistent with the

presence of fibrocartilage.

By the second year of life, the iliac surface is
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fibrillated and there is chondrocyte clustering. (Figure

4.127) Similar changes are more visible on the sacral side

by the third year of life. (Figure 4.128) The subchondral

bone is often thickened on the iliac side. This represents

I

a reactive phenomenon, secondary to increased stress on the

subchondral plate. In older animals, fibrous adhesions

commonly cross the joint surface, limiting mobility. (Figure

4.129) Advanced degenerative changes and joint-space

narrowing are common. (Figure 4.130)

4.3.3 Porcine Specimens

develop in situ. (Figure 4.131) In young specimens, the

The porcine sacroiliac joint appears to develop in the

same way as the other species. The sacral cartilage anlage

forms the sacral surface and the iliac surface appears to

iliac cartilage has a different appearance from the hyaline

sacral cartilage. It is so thin and transparent that it is

diff icult to see on gross inspection. (Figure 4. 132) Its

surface is coarse, and because of the lack of a dorsal joint

capsule, it is difficult to delineate the articular surface

from the region where the interosseous ligament attaches.

The deep iliac chondrocytes form columns, perpendicular to

the articular surface and are separated by bundles of

collagen. Surface cells are more spindle shaped and less

well differentiated. The sacral cartilage appears more

smooth and polished. Vascular channels permeate the sacral
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cartilage and appear as small red pits at the surface.

Degenerative changes in the articular cartilage appear

to occur within the first year of life in the porcine

specimens. As in other species, the iliac side appears to be

most affected. (Figure 4.133a) Erosion and sloughing of the

iliac fibrocartilage leaves a very roughened surface that is

difficult to delineate from the surrounding ilium. In

regions where the cartilage is intact, there are histological

signs of degeneration. (Figure 4.133b) These include surface

fibrillation, crevice formation, and sloughing of the

superficial cartilage. The iliac chondrocytes form clusters,

and there is a loss of proteoglycan content, particularly in

the matrix near the joint surface. The sacral surface is

usually less affected, but areas of surface roughening and

fibrillation are common.

By the second year of life, both surfaces have undergone

severe degenerative change. On gross inspection, it is

difficult to identify any areas of articular cartilage, or to

delineate the boundaries of the joint. (Figure 4.134) Both

surfaces are eroded and roughened by loose flakes of

degenerative cartilage. Proteoglycan depletion, chondrocyte

clustering, surface fibrillation and crevice formation are

common on both sides. (Figure 4.135) All of the specimens

over four months of age were graded as either moderately or

severely degenerated. (Appendix D) In two specimens, there

was no detectable mobility, and in one of them, a three-year-
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old female, the joint was fused.

4.3.4 Bovine Specimens

The bovine sacroiliac joint appears proportionately

smaller and more triangular than the other species studied.

At birth, the sacral cartilage appears smooth and more

prominent than the iliac side. (Figure 4.136) The iliac

cartilage is very thin and almost transparent. Like the

other species "
there is no dorsal joint capsule to separate

the articular portion from the ligamentous portion of the

joint. The sacral side is derived from the sacral cartilage

anlage, which is hyaline cartilage. (Figure 4.137) It is

full of vascular channels that tend to disappear after the

first year of life. The iliac side develops as a thin layer

of cartilage along the length of the ilium. The sacral

cartilage stains metachromatically, indicating a high

proteoglycan content, while the iliac cartilage has only a

faint reaction along its border with the ilium. Often a

vascular synovial tag extends into the joint anteriorly.

Degenerative changes tend to affect the bovine

sacroiliac joint at a young age. By one year of life, the

iliac side is affected, with loose flakes of degenerative

cartilage covering the surface. (Figure 4.138) By three

years of age, both sides are affected in the majority of

cases. (Figure 4.139) In the older animals, it is difficult

to differentiate the sacral and iliac surfaces, since both
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sides are usually severely degenerated. (Figures 4.140 and

4.141) Of the 44 bovine cases examined, three joints were

fused. (Appendix E) This occurred in a 5-year-old male, an

eight-year-old female, and a 10-year-old female.

4.4 Morphometric Analysis

Analysis of the shape of the joints included measurement

of the caudal and cephalad limbs of the joint surface and the

angle formed between the two limbs. The length of the caudal

limb, divided by that of the cephalad limb gives a ratio, the

caudal/cephalad ratio. This ratio has the effect of

standardizing the measurement for between species

comparisons. The means and standard deviations of these

measurements are given in table 4.1. (Table 4.1) One-way

analysis of variance shows that there is a difference in the

mean values (p < 0.001). Pairwise multiple comparisons by

the Bonferroni method reveals that the equine ratio is

significantly different from the others. Therefore, all

species, except the horse, have a longer caudal limb. The

cephalad limb is longer than the caudal limb in the horses.

The human caudal/cephalad limb ratio is not significantly

different from the canine or bovine ratio. (Figure 4.142)

The means and standard deviations of the angle formed

between the two limbs of the joint are given in table 4.2.

(Table 4.2) One-way analysis of variance shows that there is

a difference in the mean values (p < 0.001). Pairwise
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multiple comparisons by the Bonferroni method reveals that

the equine angle is significantly different from the others.

The human, canine, and bovine angles are not significantly

different. This angle is significantly less acute in the

horse. (Figure 4.143)

Table 4.1 Caudal/cephalad limb ratio of sacroiliac joints.

Species Mean Ratio Standard Deviation

Human 1.17 0.27

Equine 0.64 * 0.09

Canine 1.17 0.14

Bovine 1.15 0.27

* For all pairwise comparisons (Bonferroni method), equine is

significantly different (p < 0.05).

Table 4.2 Sacroiliac joint angle.

Species Mean Angle Standard Deviation

Human 106.1 9.0

Equine 118.4 * 13.5

Canine 99.7 12.2

Bovine 104.4 8.7

* For all pairwise comparisons (Bonferroni method), equine is

significantly different (p < 0.05).
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Figure 4.142 Mean and 95% confidence interval for the

caudal/cephalad limb-length ratios of the sacroiliac joints.
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SACROILIAC JOINT ANGLE
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Figure 4.143 Mean and 95% confidence interval for the

sacroiliac joint angle.
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5.1 Embryology

The most striking finding of this study is the

different sequence of development of the iliac and sacral

articular cartilage surfaces. The sacral side develops in

the normal fashion expected in a synovial joint. Its

mesenchyme blastema undergoes chondrification and the

sacral articular surface is left after endochondral

ossification of the cartilage anlage. (Figure 2.10)

However, the iliac articular cartilage is formed after

ossification of the adjacent ilium. (Figure 5.1)

Therefore, it is not derived directly from the iliac

cartilage anlage, but from other progenitor cells located

at this site. In addition, the cellular morphology of the

iliac articular cartilage is different than in other

synovial joints. It is composed of undifferentiated

spindle cells and a thin layer of chondrocytes forming

columns adjacent to the ilium. (Figure 5.2) Also, the

iliac matrix appears more fibrous than hyaline.

Since the iliac cartilage is not derived directly from

the primary cartilage skeleton and is not associated with a

growth plate, it could be considered secondary cartilage

(Durkin, 1972). This term is used to describe cartilage

that develops in situ without a preexisting cartilage

anlage and growth plate. Examples included the cartilage

of a fracture callus and the cartilage that develops as the

articular surface on membrane bones, such as the condylar
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Figure 5.1 The iliac articular cartilage forms after the

adjacent ilium has ossified. This cartilage is derived

from progenitor cells in the adjacent mesenchyme and

periosteum, rather than from the iliac cartilage anlage.
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Figure 5.2 The iliac articular cartilage is formed by
undifferentiated spindle cells and a thin layer of columns

of hypertrophied chondrocytes.
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cartilage of the temporomandibular joint and the clavicular

cartilage of the sternoclavicular joint (Hall, 1978). At

fracture sites, the chondrocytes develop from progenitor

cells in the periosteum. In the temporomandibular and

sternoclavicular joints, the articular cartilage develops

after the initiation of intramembranous bone formation of

the adjacent tissues (Symons, 1952; Gardner, 1968; Morimoto

et al., 1987). These chondrocytes arise from the same

population of mesenchyme cells that produce the bone (Hall,

1978). There is no preexisting cartilage anlage.

The histology of the articular surface of the fetal

mandibular condyle and the clavicle are remarkably similar

to the iliac cartilage (Ellis and Carlson, 1986). Four

distinct layers have been identified. At the surface,

there is a fibrous zone that contains fibroblasts

surrounded by collagen fibres running parallel to the joint

surface. Below this is a proliferative or

prechondroblastic zone that contains undifferentiated

mesenchymal or spindle cells. Next, there is a

hypertrophic or chondroblastic zone that contains large,

spherical, maturing chondroblasts or chondrocytes.

Finally, there is a zone of endochondral ossification,

where osteoblasts invade- the cartilage to lay down bone.

All of these zones can be identified in the developing

iliac cartilage. (Figures 4.34 to 4.37, and 4.15b)

Both the mandibular condyle of the temporomandibular
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joint and the clavicular cartilage of the sternoclavicular

joint mature into fibrocartilage joint surfaces (Yuodelis,

1966; Daniels et al., 1987). It is interesting that

articular surfaces that develop from secondary cartilage,

including the iliac surface of the sacroiliac joint, mature

into fibrocartilage. Gardner (1968) made the observation

that secondary articular cartilage is characterized by

larger chondrocytes and less intercellular matrix than

hyaline cartilage. Certainly, this observation is

confirmed in the present study by comparing the

chondrocytes that develop on the iliac side of the joint to

those on the sacral side. (Figures 4.8, 4.9, and 4.31b)

These chondrocytes could develop from either

undifferentiated mesenchyme or adjacent periosteum. In the

case of the iliac cartilage, there is evidence that the

chondrocytes develop from both sources. (Figure 4.17)

It would seem that hyaline articular cartilage can

develop only in the presence of a preexisting cartilage

anlage. In membrane bones, ossification occurs in the

mesenchyme blastema without the stage of chondrification.

On the iliac side of the sacroiliac joint, there is an

iliac cartilage anlage, but ossification commences at this

site as early as 9.5 weeks gestation, well before

cavitation of the sacroiliac joint. (Figure 5.3) By the

time that joint cavitation is well under way, the adjacent

ilium has completely ossified. (Figure 4.7, 4.10, and 4.11)
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Figure 5.3 At the time of cavitation of the sacroiliac

joint, the adjacent iliac cartilage anlage has already
undergone ossification. Therefore, the iliac side of the

joint is first composed of undifferentiated mesenchyme

over�ying the periosteum of the ilium.
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Therefore, at the time of joint formation, there is no

cartilage anlage or growth plate at this site to provide a

hyaline cartilage articular surface. It is interesting

that the clavicle and mandible are the first bones to

ossify in the fetus, beginning at about five and a half

weeks gestation, and that the ilium is the first bone to

ossify in the pelvis, beginning at about eight weeks

gestation (Gardner, 1968; Dihlman, 1980). Perhaps if

ossification of the ilium was delayed until after the

sacroiliac joint is formed, the iliac side would be formed

by hyaline articular cartilage.

Another factor contributing to this sequence of events

is the late cavitation of the sacroiliac joints. Most

synovial joints cavitate near the end of the embryonic

period and are established by eight weeks gestation

(O'Rahilly and Gardner, 1978). Both the sternoclavicular

(Gardner, 1968) and temporomandibular (Symons, 1952; Van

der Lindin et al., 1987) joints commence cavitation during

the fetal period, at about 11 to 12 weeks gestation. In

the sacroiliac joint, cavitation has been observed to begin

at about 10 weeks gestation, but the joint is not well

developed until later in the fetal period, at about 16 to

22 weeks gestation (Schunke, 1938; Walker, 1986; Salsabili

and Hogg, 1991).

Why these joints are slow to develop is not known.

However, one underlying explanation might be their relative
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lack of movement. Several studies have established that

movement is an important stimulus to joint cavitation and

development. Drachman and Sokoloff (1966) demonstrated

marked delay and impairment of joint cavitation in the

limbs of paralysed chick embryos. Murray and Drachman

(1969) found the same problem in the joints of the cervical

spine of chick embryos paralysed with botulinum toxin.

Both the temporomandibular and sacroiliac joints are

crossed by intraarticular fibrous bands during their

development (Symons, 1952; Yuodelis, 1966). (Figure 4.26)

Their delayed development and the persistence of

intraarticular fibrous bands suggests a lack of in utero

movement (Salsabili and Hogg, 1991). Certainly the

sacroiliac, sternoclavicular, and temporomandibular joints

would move much less than the appendicular articulations

during development. It is interesting that the sacroiliac

joints often undergo partial or complete fusion in human

paraplegics (Khan et al., 1979). Motion is required for

both the development and maintenance of joint integrity.

The formation of matrix streaks, or an inter lacunar

network, in the sacral cartilage of the fetus is another

differentiating factor between the iliac and sacral

articular cartilages. The network was first observed by

Belanger (1959) in the tibial epiphysis of chicks with

osteolathyrism. He observed them in the P.A.S. stained

ground SUbstance of the cartilage. This finding was later
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confirmed in the tibial epiphyseal cartilage of normal

chicks with alcian blue (Belanger and Migicovsky, 1961).

Cole (1982) confirmed its existence in femoral head

articular cartilage and growth plate, xiphoid process, and

lower tracheal cartilage of neonatal, but not adult, rats.

He described the network ultrastructure as non-membrane

bound channels of granular material connecting

chondrocytes. Because of the consistent morphology of the

network in all planes of sectioning, he proposed that it is

made of thin sheets of varying length and depth. The

network was observed to be most concentrated in rapidly

growing cartilage. Based on its metachromatic staining

properties, he proposed that the network contains

hyaluronic acid, protein, and sulphated carbohydrates, and

that it is an extension of the territorial matrix of the

chondrocyte. Cole et al. (1983) suggested that the network

functions to aid chondrocyte movement and shedding into the

joint space in rapidly-growing fetal and newborn cartilage.

Denecke et al. (1985) observed the network in porcine

articular cartilage with experimentally induced Erysipelas

arthritis. They demonstrated its structure by frozen

section, interference microscopy, and transmission and

scanning electron microscopy. They described the network

as densely-packed fibrillar elements and collagen fibrils

connecting adjacent chondrocytes. In addition, they

hypothesized that the network is a regressive change,
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associated with altered joint metabolism.

In the present study, when the interlacunar network

was present, it was limited to hyaline cartilage anlagen.

It was first observed in a 13 week gestation fetus in the

vertebral, sacral, and iliac cartilage anlagen. (Figures

4.20, 4.21 and 4.24a) It was not present in the

fibrocartilage of the intervertebral disc and iliac

articular cartilage. (Figures 4.24b and 4.34) When

present, it appeared as an extension of the territorial

matrix of the chondrocytes. (Figure 4.23) In some cases,

there was a single strand running between chondrocytes,

while in other cases, a group of closely-related strands

connected the cells. (Figure 4.48 and 4.49) The

ultrastructural appearance varied, with filaments and

granular material arranged in a loosely-woven texture.

(Figure 4.23) In some cases, it appeared thick and more

globular. (Figure 4.50) It was last observed in the sacral

cartilage of a five-month-old male specimen. (Figure 4.49)

The purpose of the network in fetal hyaline cartilage

is not known. It stains highly metachromatically and is

not present in fibrocartilage, or normal adult hyaline

cartilage. This would suggest that it is associated with

the presence of proteoglycan synthesis in immature or

metabolically-active hyaline cartilage. This theory is

consistent with its presence in experimentally-induced

arthritis, where proteoglycan synthesis can increase
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(Denecke et al., 1985). Its close connection with the

territorial matrix of chondrocytes supports this

hypothesis, since the territorial matrix is rich in

proteoglycans (Eisenstein et al., 1973). Its absence in

iliac articular cartilage and other forms of fibrocartilage

is probably due to the reduced amount of proteoglycans in

the matrix. There is a need for further research into the

composition and function of the network.

5.2 Anatomy and Pathology

There has been much debate about the anatomical

function and classification of the sacroiliac joint.

Certainly the joint possesses a synovial cavity and a

limited joint capsule. However, there is no posterior

joint capsule, and therefore, the interosseous ligament

could be classified as intraarticular (Solonen, 1957; Bowen

and Cassidy, 1981). (Figures 4.54 to 4.56) Unlike other

synovial joints, one articular surface develops in an

unique manner into fibrocartilage. (Figure 4.41 to 4.44)

This point has been contended on the basis of one study

that found type II, but not type I collagen in a

biochemical analysis of iliac cartilage taken from one 49-

year-old specimen (Paquin et al., 1983). However, both

type I and II cartilage can be found in the fibrocartilage

of the annulus fibrosis of the intervertebral disc (Erye

and Muir, 1976) and in the fibrocartilage of the mandibular
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condyle (Hall, 1978). The most likely explanation for this

is that both of these tissues have different regions that

contain either fibrocartilage or hyaline cartilage. In the

case of the iliac cartilage and the mandibular condyle, the

surface region is predominately fibrocartilage, while the

deeper regions contain some hyaline-like cartilage

(Hirschmann and Shuttleworth, 1976).

The present study contains overwhelming histological

and ultrastructural evidence that the iliac cartilage is

different from the sacral hyaline cartilage. This is most

obvious in young specimens, where the upper half of the

iliac cartilage is undifferentiated spindle cells and

chondroblasts embedded in a collagenous matrix, devoid of a

territorial matrix. (Figures 4.41 to 4.44) In the lower

half of the iliac cartilage, there are columns of

hypertrophied chondrocytes surrounded by a territorial

matrix. (Figures 4.41, 4.45, 4.57,and 4.58) with

increasing age, this region tends to expand. (Figures 4.57,

4.69, and 4.93b) However, the iliac cartilage always

appears different from its sacral counterpart. (Figures

4.68 to 4.71) The iliac matrix has a more fibrous

appearance and is less metachromatic. The chondrocytes are

larger and form columns'or clusters, separated by collagen

fibres. On the sacral side, the chondrocytes are evenly

dispersed throughout a metachromatic hyaline matrix.

Perhaps the most significant difference between the
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two sides is the early development of degenerative changes

in the iliac cartilage. Surface fibrillation and

chondrocyte clusters were first observed in one nine-year

old male specimen. (Figures 4.56 and 4.57) Dilation of the

rough endoplasmic reticulum and accumulations of cellular

glycogen, lipid droplets, and intramatrical lipidic debris

were also noted. (Figures 4.58 and 4.59) In the teenage

specimens, the changes were even more evident. Marked

roughening of the iliac surface, prominent cell clustering,

irregular folding of the cell processes, intramatrical

lipidic debris, and intracytoplasmic filaments can be

observed. (Figures 4.60 to 4.64) According to Ghadially

(1983), these ultrastructural findings are compatible with

early osteoarthrosis. Therefore, the present study

confirms the findings of Carter and Loewi (1962). They

were the first to report degenerative changes in the iliac

cartilage in young teenage specimens.

Whether or not the degenerative changes observed in

the iliac cartilage are clinically important or not has

been debated (Cassidy, 1992). The distinction between the

normal ageing process and pathological degenerative changes

can be difficult. However, the degree of degenerative

change observed in young adult iliac specimens could not be

considered normal. Marked fibrillation, crevice formation,

chondrocyte clustering, and proteoglycan depletion is

present in the iliac cartilage by the third decade of life.
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(Figures 4.68 and 4.69) By the fourth decade, similar

histological changes are present in the sacral cartilage.

(Figure 4.70 and 4.71) Ultrastructural examination of the

sacral cartilage shows signs of degenerative change in the

third decade. These include intracytoplasmic filaments,

lysosomes, in situ necrosis of chondrocytes with microscar

formation, and amianthoid changes. (Figures 4.77, 4.79,

4.73, and 4.74) By middle age, this process is advanced in

all specimens, on both sides of the joint.

other studies of the sacroiliac joint have focused on

the prevalence of accessory joints and fusion. In this

sample of sacroiliac joints, only one accessory joint was

seen in a 75-year-old female. (Figure 4.104) This is far

fewer than the rate of 18 to 36% in the specimens examined

by Hadley (1952) and Trotter (1937) respectively. It is

likely that the method of excising joint samples in this

study missed some accessory joints. They occur posterior

to the joint space and incomplete removal of the

interosseous ligamentous portion of the joint could account

for this discrepancy. Fibrous fusion occurred in one 56-

year-old male specimen, and chondroid fusion was observed

in one 78-year-old male specimen. (Figures 4.97 and 4.108)

No cases of bony ankylosis were observed. This rate of

fusion and ankylosis is considerably less than that

reported by Brooke (1924), Sashin (1930), and Ishimine

(1989), but confirms observations made by MacDonald and
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Hunt (1952), Resnick et ale (1975), stewart (1984), and

Walker (1986).

An additional finding in this study is the presence of

adult matrix streaks in the sacral articular cartilage of

some young and middle-aged specimens. (Figures 4.75 and

4.100). These appear as densely-packed waves of collagen

fibrils with associated globular material. (Figures 4.75

and 4.100) They have a similar appearance to the fetal

inter lacunar network, but are more fibrous. They have been

observed before in human osteoarthritic femoral head

cartilage (Lothe et al., 1973), rheumatoid arthritic

cartilage (Howson et al., 1985), and in biopsies of

patellar cartilage in young patients with chondromalacia

(Ohno et al., 1988). The streaks were not seen on the

iliac side of the sacroiliac joint, and were not present in

all sacral specimens that were osteoarthritic. Both Lothe

et ale (1973) and Ohno et ale (1988) found that the streaks

occurred in only the load-bearing regions of the

osteoarthritic femoral and patellar cartilage. This could

explain why the streaks were observed in only some sections

of the sacral specimens.

In the fetus, the matrix streaks are considered to be

associated with proteoglycan synthesis, but their function

is not clear (see discussion in section 5.1). In mature

specimens, matrix streaks have been created experimentally

in healthy femoral and patellar cartilage of cows subjected
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to enzymatic degradation of the proteoglycan/hyaluronic

acid component of the matrix (Broom and Poole, 1983). When

these specimens were subjected to compression, streaks were

formed in the matrix. This would suggest that depletion of

matrix proteoglycans by enzymatic degradation or as a

result of the degenerative process is a prerequisite to

their formation. A loss of proteoglycans would lower the

ability of the matrix to resist compressive loads, which

could lead to collapse or kinking of collagen fibres that

are oriented vertically to the applied stress (Howson et

al., 1985). Since the fetal streaks are related to an

increase in matrix proteoglycans and have a different

appearance than the adult streaks (i.e. less fibrous and

always originating from the territorial matrix of

chondrocytes), they should be considered as a separate

structure.

Morphometric analysis of the sacroiliac joint angle

and caudal/cephalad limb lengths gave results that are

comparable to previous studies. Weisl (1954) was the first

to make these measurements by drawing a box around the

sacroiliac joint. His method was refined by Ohba (1985),

and this modified method was employed in the present study.

(Figure 3.4) using the-Weisl method, the joint angle is

defined by the points eGD in figure 3.4. Weisl (1954)

reported this angle as 87° ± 1.23°, and Valojerdy and Hogg

(1989) reported it as ranging between 93-99° with the same
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method of measurement. Ohba reported the angle as 1060 ±

7.1°, and the present study confirms his finding, with the

mean angle measured at 106.1° ± 9.0°. In the majority of

cases, the caudal limb is longer than the cephalad limb,

with the mean caudal/cephalad limb ratio measured at 1.17 ±

0.27. This is slightly less than that reported by Ohba

(1985) at 1.37, and that reported by Bakland and Hansen

(1984) at 1.32, using Weisl's method. with the exception

of the equine specimens, the human measurements were not

significantly different from the animal measurements.

(Tables 4.1 and 4.2)

5.3 Comparative Anatomy and Pathology

The animal sacroiliac joint surfaces are remarkably

similar to the human. In the newborn and young animals,

the sacral surface has a creamy-white appearance, and the

iliac surface has a dark transparent appearance. (Figures

4.112, 4.121, 4.132, and 4.136) Although fetal specimens

were not included in this study, it appears from examining

the youngest specimens that the sacral articular cartilage

matures from the sacral cartilage anlage, and that iliac

cartilage develops later from the iliac periosteum and

mesenchyme. (Figures 4.114b, 4.115a, 4.126a, 4.131a, and

4.137a) In these cases, there is a visible epiphysis in

the sacrum, with endochondral ossification progressing

toward the sacral surface. On the iliac side, a thin layer



335

of developing cartilage is visible. In the sacral

cartilage of young animals, there appears to be more

vascular channels than in the human counterpart. When

these run close to the surface, they appear as red dots or

vascular pits (Dalin and Jeffcott, 1986a). (Figures 4.114,

4.132, and 4.136) They disappear during the first year of

life. In all cases, the animal joint does not have a

posterior joint capsule, and the interosseous ligament

appears to insert directly into the cartilage surface.

(Figures 1.113, 4.122, 4.132, and 4.136) The joint cavity

is surrounded by synovial tissue. (Figure 4.116)

In all specimens, the iliac and sacral cartilages

appear quite different. (Figures 4.115, 4.117b, 4.126,

4.131, and 4.137) The sacral cartilage has the normal

appearance of hyaline articular cartilage. Chondrocytes

are evenly dispersed throughout a metachromatic-staining

matrix. (Figure 4.115c) However, the iliac side appears

very different. In the young specimens, the upper half of

the articular cartilage contains spindle cells in a fibrous

matrix, devoid of proteoglycans. (Figure 4.115b) In the

lower half of the articular cartilage, there are columns of

large chondrocytes surrounded by a metachromatic matrix.

Between these two regions is an area of developing

chondroblasts, similar to the human. (Figure 4.117b) The

iliac cartilage is always thinner than its sacral

counterpart. with increasing age, the lower region of
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chondrocytes becomes more prominent in some specimens

(Figures 4.127b, 4.128b, 4.133b, and 4.139b), while in

others, the fibrous spindle cell region remains prominent.

(Figures 4.117b, 4.119b, and 4.138b) Like the human, the

iliac cartilage has a large fibrous component and can be

classified as fibrocartilage. This confirms the findings

of Ekman et ale (1986) in the horse, but conflicts with the

observations of Gregory et ale (1986) in the dog. They

classified both articular surfaces as hyaline cartilage.

Ekman et ale (1986) have reported that degenerative

changes affect the iliac cartilage at a young age in the

horse. Gregory et ale (1986) described degenerative

changes in both the sacral and iliac cartilage of dogs as

young as five months of age. The present study confirms

these findings and extends them to include porcine and

bovine joints. However, in this sample of joints, the

iliac side appeared to be affected earlier and more

severely in all species, including the dogs. (Figures

4.118, 4.119b, 4.127, 4.�33, 4.135, and 4.138) In general

these changes could be observed in the majority of equine

specimens by three years of age, in the majority of canine

specimens by two years of age, and by the first year of

life in both the porcine and bovine specimens. It is

tempting to speculate that the pig and cow are less mobile

than the horse and dog and that this accounts for the early

degenerative changes in their sacroiliac joints. However,
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product of its unusual development. The iliac articular

surface develops as secondary cartilage and is not derived

directly from the iliac cartilage anlage. As a result, it

matures into fibrocartilage. On the other hand, the sacral

articular cartilage develops in the normal manner of the

other synovial joints. Its articular cartilage is derived

directly from the primary sacral cartilage anlage. The end

result is an unique anatomy, with one surface as hyaline

cartilage and the other as fibrocartilage.

Ultrastructural examination of the articular surfaces

of the sacroiliac joint has helped to understand this

unique anatomy and development. In particular, a range of

cells, including undifferentiated mesenchymal cells,

fibroblasts, chondroblasts, and chondrocytes have been

identified on the iliac side. The iliac matrix appears to

contain more collagen fibrils and fewer proteoglycan

aggregates than its sacral counterpart. Matrix streaks

have been shown to be limited to the sacral articular

cartilage. All of this has helped to identify the iliac

articular cartilage as fibrocartilage.

Moreover, ultrastructural examination has allowed a

more accurate estimation of the onset and extent of

degenerative changes in. the cartilage surfaces. This

investigation has established that these changes begin at a

very young age, and become quite extensive before similar

changes are normally seen in other synovial and spinal



339

joints. Cumulative histological and ultrastructural

evidence that the iliac cartilage is particularly

susceptible to degenerative changes is presented. This

study raises the hypothesis that the sacroiliac joint could

be one of the first structures in the spine to undergo

degenerative change and might be an initial cause of low

back pain in some patients. Certainly, this hypothesis is

worthy of serious consideration and future research.

The conclusions of this study are limited to the

embryology and development of the sacroiliac joint. This

descriptive study cannot be used as evidence that the

sacroiliac joint is a cause of low back pain. Furthermore,

the findings are limited to a selected sample of joint

specimens. In particular, there is a sample selection bias

towards male specimens. Only five of the 43 autopsy cases

examined from the newborn to the age of 60 years were

female. This bias is probably explained by the greater

number of males autopsied between these ages. In addition,

no attempt was made to blindly assess histological or

ultrastructural sections. This could result in a reporting

bias. However, the differences between the iliac and

sacral cartilage are obvious enough that it would be

difficult to blind these examinations.

Future research in this area of investigation should

concentrate on the biochemistry of the matrix collagen and

proteoglycans of the articular cartilage of the sacroiliac
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joint. It would be useful to repeat the single case study

of Paquin et al. (1983) on a larger sample of specimens.

Furthermore, it might be more accurate to separate the

fibrous and cartilaginous portions of the iliac cartilage

prior to collagen typing (Hirschmann and Shuttleworth,

1976). Analysis of the matrix proteoglycans and link

proteins might also reveal differences between the sacral

and iliac cartilages. This could lead to insights into the

susceptibility of the iliac cartilage to early degenerative

change.
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The conclusions of this study are as follows:

1. The iliac articular surface of the human

sacroiliac joint develops as a secondary cartilage and not

directly from a hyaline cartilage anlage.

2. The sacral articular surface of the human

sacroiliac joint develops from the primary cartilage anlage

of the sacrum.

3. The cells and matrix of the human and animal iliac

cartilage identify it as predominately fibrocartilage.

4. The cells and matrix of the human and animal

sacral cartilage identify it as hyaline cartilage.

5. An interlacunar network is prominent in the human

fetal and newborn sacral cartilage, but not in the iliac

cartilage.

6. Both the human and animal sacroiliac joints lack a

posterior joint capsule, and the interosseous ligament

could be considered intraarticular.

7. The human and animal sacroiliac joints are prone

to premature degenerative change.

8. The human and animal iliac articular cartilages

are more prone to premature degenerative change than the

sacral articular cartilages.

9. The relative length of the caudal and cephalad

limbs of the sacroiliac joint are similar in human, canine,

and bovine specimens.

10. There is no significant difference in the
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sacroiliac joint angle in human, canine, and bovine

specimens.

11. The relative length of the caudal and cephalad

limbs of the sacroiliac joint are significantly different

in the equine specimens.

12. The sacroiliac joint angle is significantly less

acute in the equine specimens.
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8. APPENDICES

370



APPENDIX A

Age, sex, cause of death, and gross appearance (Gross) of

postnatal sacroiliac joints in human autopsy specimens.
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Case 10 No. Age Sex Cause of death

1 SU 5118-88 5 WG ? Ectopic tubal pregnancy

2 SU15708-87 6 WG ? Placental degeneration

3 SU14012-87 7 WG ? Miscarriage

4 8U15600-88 7 WG ? Miscarriage

5 8U11812-87 8 WG ? Miscarriage

6 8U15320-88 8 WG ? Miscarriage

7 8U14642-88 9 WG ? Therapeutic abortion

8 8U12638-88 9 WG ? Miscarriage

9 8U12960-88 9 WG ? Miscarriage

10 SU 5411-88 10 WG ? Miscarriage

11 8U 2354-88 10 WG ? Ectopic pregnancy

12 8U12469-88 10 WG ? Miscarriage

13 8U12210-88 10 WG ? Miscarriage

14 8U 699-89 10 WG ? Placental degeneration

15 8U 1061-88 10 WG ? Miscarriage

16 8U12457-88 10 WG ? Miscarriage

17 8U13257-88 11 WG ? Therapeutic abortion

18 8U14655-88 11 WG ? Therapeutic abortion

19 SU15648-88 11 WG ? Miscarriage

20 8U12575-88 11 WG ? Miscarriage

21 SU 2338-88 12 WG ? Miscarriage

22 SU14208-87 12 WG ? Miscarriage

23 8U11545-88 12 WG ? Miscarriage
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Appendix A (continued)

Case IO No. Age Sex Cause of death

24 SU 1956-89 12 WG M Miscarriage

25 SU15326-88 13 WG M Multiple pregnancy

26 SU12299-88 14 WG ? Benign teratoma of the ovary

27 SU 1140-89 14 WG M Miscarriage

28 SU15047-89 16 WG F Trisomy 13, induced abortion

29 SU16095-89 16 WG M Anencephaly

30 8U14010-87 18 WG M Miscarriage

31 SU15679-89 18 WG M Therapeutic abortion

32 SU10617-87 19 WG M Miscarriage

33 8U 3766-89 19 WG M Acute intrauterine pneumonia

34 SU14633-89 20 WG F Spontaneous abortion

35 SU 2176-90 20 WG F Therapeutic abortion

36 A 13651-87 20 WG M Premature birth

37 SU 1764-88 22 WG F Chorioamnionitis

38 SU 2174-90 22 WG M Acute intrauterine pneumonia

39 A 13900-88 24 WG M Premature birth

40 A 14596-90 25 WG M Premature birth

41 A 10417-78 25 WG F Premature birth

42 A 10406-78 26 WG F Therapeutic abortion

43 A 10400-78 26 WG F Premature birth

44 A 10259-78 28 WG F stillbirth

45 A 13867-87 28 WG M Respiratory failure
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Appendix A (continued)

Case Cause of death GrosslD No. Age Sex

46 A 14528-89 28 WG M Premature birth

47 ML13738-87 30 WG F Premature birth

48 ML10383-78 30 WG M Premature birth

49 A 13793-87 32 WG F Omphalocele

50 A 13798-87 34 WG M Pulmonary hypoplasia

51 A 10357-78 35 WG M Congenital heart disease

52 ML14573-90 36 WG M stillborn

53 A 13677-87 37 WG M stillborn

54 A 10476-78 1WK M Trisomy 18 1

55 A 13896-87 1 WI< M Congenital anomalies 1

56 A 13813-87 1 MO F Respiratory distress 1

57 A 13947-88 1 MO M Respiratory distress 1

58 A 10241-78 2 MO F Cardiorespiratory arrest 1

59 A 13617-87 2 MO M Hyaline membrane disease 1

60 A 13862-87 5 MO M Respiratory distress 1

61 A 10582-78 1 YR M Pulmonary infection 1

62 A 13831-87 1 YR M Congenital heart disease 1

63 ML10576-78 2 YR M S.l.D.S. 1

64 ML10466-78 4 YR M Tetralogy of Fallot 1

65 ML13948-88 6 YR F Heart failure 1

66 ML14594-90 7 YR M Multiple trauma 1

67 ML13901-88 9 YR M Ruptured vena cava 1
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Appendix A (continued)

Case ID No. Age Sex Cause of death Gross

68 ML14046-88 16 YR M Multiple trauma 1

69 ML10439-78 17 YR F MVA: head injury 1

70 ML14571-90 17 YR M Transected aorta 1

71 A 10448-78 19 YR M Status asthmaticus 2

72 ML10590-78 20 YR M Homicide: fractured skull 2

73 A 13799-87 21 YR M Cerebral hemorrhage 1

74 A 13858-87 22 YR F Multiple trauma 1

75 A 13849-87 22 YR M Electrocution 1

76 ML13836-87 22 YR M Gunshot to head 2

77 ML13671-87 23 YR M Multiple trauma 2

78 A 13974-88 23 YR M Cardiomyopathy 2

79 SU 7822-77 27 YR M Chondrosarcoma 2

80 A 13751-87 27 YR M Drowned 2

81 ML13757-87 27 YR M Bee sting, anaphylaxis 1

82 ML10233-78 27 YR M Gunshot to head 2

83 ML10252-78 29 YR M Aircraft crash: Trauma 1

84 A 13860-87 33 YR M Ruptured aorta 2

85 A 10456-78 36 YR M Portal cirrhosis of liver 3

86 A 10452-78 38 YR M Chronic renal failure 3

87 A 13951-88 41 YR M Multiple trauma 3

88 A 13647-87 46 YR M Sepsis 2

89 ML10172-77 46 YR M Subarachnoid hemorrhage 3
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Appendix A (continued)

Case 10 No. Age Sex Cause of death Gross

90 A 13736-87 49 YR M Head injury 3

91 A 10443-78 49 YR M Severe burns: 3rd degree 3

92 A 13993-88 51 YR M Cardiac failure 3

93 A 13649-87 53 YR M Myocardial infarction 3

94 A 14523-89 53 YR M Respiratory failure 3

95 A 10431-78 56 YR M Rheumatic heart disease 4

96 A 13902-88 58 YR M Heart failure 3

97 A 10475-78 61 YR F Thyroid cancer 3

98 A 10202-78 66 YR F Renal emboli 3

99 A 13936-88 66 YR M Heart failure 3

100 A 14588-90 66 YR M Myocardial infarction 4

101 A 10362-78 66 YR F Myocardial infarction 3

102 A 13946-88 67 YR M Myocardial infarction 3

103 A 10459-78 68 YR F Adenocarcinoma of colon 3

104 A 13650-87 70 YR F Pulmonary embolus 3

105 A 10192-78 75 YR M Bronchogenic cancer 3

106 A 10465-78 75 YR F Rheumatic heart disease 3

107 ML10468-78 78 YR M Ruptured aortic aneurysm 3

108 ML13633-87 87 YR F Pulmonary embolus 3

(WG is Weeks Gestation, MO is Months, and YR is Years)

(Gross appearance (Gross) is rated: 1 = smooth, 2 =



moderate degeneration, 3 = severe degeneration, and 4 =

fused in all but fetal specimens)
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APPENDIX B

Age, sex, cause of death, mobility (Mob), and gross

appearance (Gross) of equine specimens.
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Case Cause of death Mob GrossIO No. Age Sex

1 82-2880 NB M Unknown 3 1

2 82-3088 NB M Pneumonia 3 1

3 22 NB M Unknown 1

4 82-3086 NB M Meningitis 2 1

5 82-2872 NB F Hydrocephalus 2 1

6 82-3781 1 MO F Fractured neck 2 1

7 82-3620 2 MO M Pneumonia 2 1

8 82-4114 2 MO M Fractured neck 2 1

9 82-4354 3 MO F Fractured foreleg 2 1

10 82-2835 1 YR M Renal failure 2

11 82-3908 18 MO F Lymphosarcoma 2 1

12 79-3968 18 MO M Lymphadenopathy 1

13 82-4206 2 YR F Septic arthritis 2 2

14 79-4143 2 YR M Hernia 2

15 79-4174 2 YR M Spinal myelopathy 2

16 82-4719 3 YR F Unknown 3 3

17 79-4116 3 YR M Navicular disease 2

18 82-4531 5 YR M Fractured tarsus 2 3

19 79-3786 6 YR Unknown 2

20 82-4033 8 YR M Septicemia 1 2

21 82-3832 10 YR F Peritonitis 2 3

22 79-4102 13 YR F Sternal cellulitis 3

23 82-4174 14 YR M Heart failure 2 3
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Appendix B (continued)

Case 1D No. Cause of death Mob GrossAge Sex

24

25

82-3721

82-3291

15 YR M

16 YR M

Fractured phalanx 1

Fractured radius 0

2

3

(NB is New Born, MO is Months, and YR is Years)

(Mobility (Mob) is rated: 0 =

none, 1 = barely detectable,

2 = easily detectable, and 3 =

very mobile)

(Gross appearance (Gross) is rated: 1 = smooth, 2 =

moderate degeneration, 3 = severe degeneration, and 4 =

fused)
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APPENDIX C

Age, sex, cause of death, mobility (Mob), and gross

appearance (Gross) of canine specimens.

381



382

Case IO No. Age Sex Cause of death Mob Gross

1 SPCA 89 1 MO M Not determined 2 1

2 SPCA 82 3 MO F Not determined 2 1

3 82-4524 7 MO F Not determined 2 1

4 SPCA 81 1 YR F Not determined 2 1

5 SPCA 39 1 YR F Not determined 1 2

6 SPCA 90 1 YR F Not determined 2 2

7 SPCA 55 1 YR M Not determined 1 2

8 82-3504 3 YR M Unknown 0 2

9 82-3914 5 YR F Pneumonia 0 2

10 82-4639 5 YR M Not determined 1 3

11 82-3614 6 YR F Heart failure 1 2

12 82-4357 7 YR M Ununited anconeal 1 3

13 SPCA 58 7 YR F Not determined 1 2

14 82-3187 8 YR M Trauma 0 3

15 82-3345 8 YR F Cholecystitis 2 2

16 82-3059 9 YR M Heart failure 1 2

17 82-4220 9 YR F Adrenal hyperplasia 0 3

18 SPCA 1 10 YR F Not determined 3

19 SPCA 2 10 YR M Not determined 0 4

20 82-3382 10 YR F Fibrosarcoma 0 2

21 82-3382 10 YR F Unknown 1 2

22 79-3818 11 YR M Unknown 0 4

23 82-4314 15 YR F Neurofibroma
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Appendix C (continued)

(MO is Months and YR is Years)

(Mobility (Mob) is rated: 0 =

none, 1 = barely detectable,

2 = easily detectable, and 3 =

very mobile)

(Gross appearance (Gross) is rated: 1 = smooth, 2 =

moderate degeneration, 3 = severe degeneration, and 4 =

fused)



APPENDIX D

Age, sex, cause of death, mobility (Mob), and gross

appearance (Gross) of porcine specimens.
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Case ID No. Age Sex Cause of death Mob Gross

1 82-2999 1 MO F Bowel edema 2 1

2 82-3038 2 MO F Septic arthritis 1 1

3 82-3362 3 MO F Coxarthritis 1 2

4 82-3361 3 MO F Pneumonia 1 1

5 82-3176 4 MO M Ileitis 1 1

6 82-3669 4 MO F Pericarditis 1 3

7 82-3690 5 MO F Stress myopathy 1 2

8 79-4209 7 MO F Unknown 3

9 82-3025 7 MO M Pneumonia 2 2

10 82-3796 7 MO M Spinal stenosis 1 3

11 82-3547 14 MO F Fractured femur 0 3

12 82-3466 16 MO M Intestinal torsion 1 2

13 82-3833 16 MO F Pyelonephritis 3 2

14 82-3093 2 YR F Vertebral abscess 2 2

15 82-3424 2 YR F Osteomyelitis 1 3

16 82-3732 2 YR F Splenic torsion 2 3

17 82-3052 2 YR F Splenic torsion 1 2

18 82-4459 3 YR F Mammary adenoma 1 3

19 82-3024 3 YR F Pneumonia 1 2

20 79-4035 4 YR F Endocarditis 0 4

21 79-4098 4 YR F Unknown 3

22 79-4086 4 YR F Mastitis 3

23 82-3483 4 YR F Pyelonephritis 3 2
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Appendix D (continued)

(MO is Months and YR is Years)

(Mobility (Mob) is rated: 0 =

none, 1 = barely detectable,

2 = easily detectable, and 3 =

very mobile)

(Gross appearance (Gross) is rated: 1 = smooth, 2 =

moderate degeneration, 3 = severe degeneration, and 4 =

fused)



APPENDIX E

Age, sex, cause of death, mobility (Mob), and gross

appearance (Gross) of bovine specimens.
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Case ID No. Age Sex Cause of death Mob Gross

1 82-2856 NB M Septicemia 2 1

2 82-2823 NB M septic arthritis 2 1

3 82-2862 NB M Atelectasis 2 1

4 82-2855 1 MO M Coleitis 2 1

5 82-2965 10 MO F Pneumonia 1 2

6 82-2946 10 MO F Pneumonia 1 2

7 79-3586 1 YR F Intoxication 2

8 82-3216 1 YR F Unknown 1 3

9 79-4021 18 MO F Shipping fever 2

10 82-3862 18 MO F Pneumonia 1 3

11 82-4260 18 MO M Bloat 1 3

12 82-3113 18 MO M Meningitis 1 2

13 82-3112 18 MO M Cerebral necrosis 1 2

14 79-4212 2 YR F Peritonitis 2

15 79-3938 2 YR F Pyothorax 2

16 82-3599 2 YR F Abomasitis 1 3

17 82-3451 2 YR F Pneumonia 1 2

18 82-3051 3 YR F Vasculitis 1 3

19 82-3242 3 YR F Pneumonia 1 3

20 79-4354 3 YR F Unknown 3

21 82-3478 3 YR F Hepatic failure 1 3

22 82-2936 3 YR F Pneumonia 1 3

23 79-4417 4 YR F Peritonitis 3
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Appendix E (continued)

Case ID No. Age Sex Cause of death Mob Gross

24 82-3640 4 YR F Unknown 2 3

25 82-2824 4 YR F Malnutrition 1

26 82-3188 4 YR F Peritonitis 2 3

27 82-3858 5 YR F Pyelonephritis 1 3

28 82-3720 5 YR F Hemorrhage 0 3

29 82-3017 5 YR M Peritonitis 0 4

30 82-2869 5 YR F Peritonitis 3

31 82-4094 6 YR F Metritis 3 3

32 82-3740 6 YR F Mastitis 1 3

33 82-3127 8 YR F Cardiac failure 1 3

34 82-3001 8 YR F Paratuberculosis 0 4

35 82-3340 9 YR F Septicemia 1 3

36 82-3224 10 YR F Endocarditis 1 3

37 82-3278 10 YR F Starvation 1 3

38 82-2864 10 YR F Septicemia 0 2

39 82-2883 10 YR F Peritonitis 0 4

40 82-4154 11 YR F Peritonitis 3 1

41 82-4251 11 YR F Ascites 1 2

42 79-4213 12 YR M Unknown 2

43 82-4311 12 YR F Volvulus 1 2

44 82-4304 13 YR F Endotoxemia 2 3
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Appendix E (continued)

(NB is New Born, MO is Months, and YR is Years)

(Mobility (Mob) is rated: 0 =

none, 1 = barely detectable,

2 = easily detectable, and 3 =

very mobile)

(Gross appearance (Gross) is rated: 1 = smooth, 2 =

moderate degeneration, 3 = severe degeneration, and 4 =

fused)
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APPENDIX F

Age, sex and morphometric measurements on human sacroiliac

joints.
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CCR

1

2

3

4

5

6

7

8

9

10

11

12

?

78

?

68

71

63

47

?

55

62

?

?

?

F

?

F

M

F

M

?

M

M

?

?

33

34

26

34

39

34

25

53

34

25

37

37

45

29

39

41

44

33

24

51

29

27

22

41

39.0

36.5

32.5

37.5

41.5

33.5

24.5

52.0

31.5

26.0

29.5

39.0

41 49 45.0

38 47 42.5

45 42 43.5

44 49 46.5

38 48 43.0

43 39 41.0

42 33 37.5

50 44 47,.0

46 40 43.0

55 43 49.0

44 44 44.0

35 38 36.5

1.15

1.16

1. 34

1.24

1.04

1.22

1.53

0.90

1. 37

1.88

1.49

0.94

13R 75 ? 39 27 33.0 50 29 39.5 1.20

13L 75

14R 92

14L 92

15R 88

15L 88

16 73

?

F

F

F

F

F

33

48

48

41

43

40

44

35

34

44

41

43

38.5 46

41. 5 37

41. 0 43

42.5 34

42.0 37

41. 5 42

46 46.0

38 37.5

49 46.0

29 31. 5

31 34.0

48 45.0

1.19

0.90

1.12

0.74

0.81

1.08

110 105 107.5

99 106 102.5

121 105 113.0

99 93 96.0

103 111 107.0

103 101 102.0

122 133 127.5

91 97 94.0

108 116 112.0

107 114 110.5

102 103 102.5

121 118 119.5

94 102 98.0

106 87 96.5

98 114 106.0

89 96 92.5

111 115 113.0

108 113 110.5

100 109 104.5

(No. is the specimen number, R is right side and L is left

side; Age is in years; Sex is male (M), female (F) or

unknown (?); JIs is the cephalad limb length on sacral
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surface in rom; JIi is the cephalad limb length on iliac

surface; JIm is the mean cephalad limb length, (JIs + JIi)

+ 2; KIs is the caudal limb length on sacral surface in rom;

KIi is the caudal limb length on iliac surface; KIm is the

mean caudal limb length, (KIs + Kli) + 2; CCR is the

caudal/cephalad ratio (JIm + KIm); as is the angle JIK on

the sacral surface; ai is the angle JIK on the iliac

surface; am is the mean joint angle, (as + ai) + 2)

All length measurements are in rom, and all angles are in

degrees.
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APPENDIX G

Age, sex and morphometric measurements on equine sacroiliac

joints.
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CCR

1 16 M 47 44 45.5 36 38 37.0 0.81 118 116 117.0

2 1 M 31 33 32.0 19 22 20.5 0.64 141 133 137.0

3 15 M 57 61 59.0 40 34 37.0 0.63 102 99 100.5

4 1 F 33 41 37.0 24 25 24.5 0.66 122 104 113.0

5 10 F 49 44 46.5 26 31 28.5 0.61 121 118 119.5

6 2 F 42 38 40.0 29 29 29.0 0.73 135 124 129.5

7 8 M 55 54 54.5 28 26 27.0 0.50 96 99 97.5

8 1 M 32 37 34.5 22 23 22.5- 0.65 129 106 117.5

9 14 M 29 31 30.0 22 23 22.5 0.75 135 139 137.0

10 2 F 52 47 49.5 31 33 32.0 0.65 103 107 105.0

11 1 F 26 32 29.0 19 21 20.0 0.69 137 132 134.5

12 5 M 36 38 37.0 18 21 19.5 0.53 127 118 122.5

13 3 F 56 56 56.0 29 26 27.5 0.49 105 111 108.0

(No. is the specimen number; Age is in years; Sex is male

(M), female (F); JIs is the cephalad limb length on sacral

surface in rom; JIi is the cephalad limb length on iliac

surface; JIm is the mean cephalad limb length, (JIs + JIi)

+ 2; KIs is the caudal limb length on sacral surface in rom;

KIi is the caudal limb length on iliac surface; KIm is the

mean caudal limb length, (KIs + KIi) + 2; CCR is the

caudal/cephalad ratio (JIm + KIm); as is the angle JIK on

the sacral surface; ai is the angle JIK on the iliac



surface; em is the mean joint angle, (es + ei) + 2)

All length measurements are in mID, and all angles are in

degrees.
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APPENDIX H

Age, sex and morphometric measurements on canine sacroiliac

joints.
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CCR

1 10 F 35 32 33.5 34 43 38.5 1.15 106 128 117.0

2 8 F 18 18 18.0 21 23 22.0 1.22 122 117 119.5

3 10 F 15 13 14.0 20 17 18.5 1.32 90 96 93.0

4 3 M 16 17 16.5 21 21 21.0 1.27 112 94 103.0

5 10 F 13 14 13.5 19 17 18.0 1. 33 72 104 88.0

6 1 F 21 23 22.0 26 18 22.0 1. 00 104 110 107.0

7 1 F 7 9 8.0 8 9 8.5 1. 06 95 87 91.0

8 6 F 13 14 13.5 14 15 14.5. 1.07 125 116 120.5

9 1 M 8 9 8.5 9 7 8.0 0.94 73 103 88.0

10 1 F 16 19 17.5 17 20 18.5 1.06 84 85 84.5

11 5 F 13 13 13.0 18 17 17.5 1.35 108 106 107.0

12 9 F 13 12 12.5 14 12 13.0 1.04 86 92 89.0

13 5 F 15 17 16.0 19 23 21.0 1. 31 95 97 96.0

14 7 M 17 15 16.0 22 22 22.0 1. 38 104 111 107.5

15 1 F 16 19 17.5 18 21 19.5 1.11 102 93 97.5

16 5 M 18 18 18.0 19 18 18.5 1.03 83 91 87.0

(No. is the specimen number; Age is in years; Sex is male

(M), female (F); JIs is the cephalad limb length on sacral

surface in rom; JIi is the cephalad limb length on iliac

surface; JIm is the mean cephalad limb length, (JIs + JIi)

+ 2; KIa is the caudal limb length on sacral surface in rom;

KIi is the caudal limb length on iliac surface; KIm is the
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mean caudal limb length, (KIs + KIi) + 2; CCR is the

caudal/cephalad ratio (JIm + KIm); as is the angle JIK on

the sacral surface; ai is the angle JIK on the iliac

surface; am is the mean joint angle, (as + ai) + 2)

All length measurements are in rom, and all angles are in

degrees.
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APPENDIX I

Age, sex and morphometric measurements on bovine sacroiliac

joints.
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CCR

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

1

3

10

9

2

3

2

4

5

6

1

5

1

6

11

11

1

13

12

F 27 24

F 20 28

F

F

F

F

F

25.5 26 25

24.0 24 26

33

37

37

28

33

25 29.0 27 28

36 36.5 35 34

36 36.5 55 52

33 30.5 33 39

28 30.5 56 51

25.5 1.00

25.0 1.04

27.5 0.95

34.5 0.95

53.5 1.47

36.0 1.18

53.5 1.75

89 105

88 91

97.0

89.5

F

F

M

F

F

F

F

F

M

F

F

38

26

27

32

29

24

29

23

26

27

24

34 36.0 44 46

27 26.5 30 28

24 25.5 26 22

38 35.0 51 47

32 30.5 33 41

19 21. 5 38 29

32 30.5 21 23

28 25.5 19 18

28 27.5 23 31

33 30.0 35 34

26 25.0 28 24

45.0

29.0

24.0

49.0

37.0

33.5

22.0

18.5

27.0

34._5

26.0

1.25

1. 09

0.94

1.40

1.21

1.56

0.72

0.73

0.98

1.15

1.04

107 106 106.5

102 105 103.5

98 109 103.5

126 118 122.0

105 109 107.0

F 23 25 24.0 36 31 3�.5 1.40 105 98 101.5

113 107 110.0

104 89 96.5

109 108 108.5

104 109 106.5

87 92 89.5

100 104 102.0

112 108 110.0

124 118 121. 0

118 94 106.0

104 112 108.0

98 91 94.5

(No. is the specimen number; Age is in years; Sex is male

(M), female (F); JIs is the cephalad limb length on sacral

surface in rom; JIi is the cephalad limb length on iliac
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surface; JIm is the mean cephalad limb length, (JIs + JIi)

+ 2; KIs is the caudal limb length on sacral surface in rom;

KIi is the caudal limb length on iliac surface; KIm is the

mean caudal limb length, (KIs + KIi) + 2; CCR is the

caudal/cephalad ratio (JIm + KIm); 6s is the angle JIK on

the sacral surface; 6i is the angle JIK on the iliac

surface; em is the mean joint angle, (es + ei) + 2)

All length measurements are in rom, and all angles are in

degrees.
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APPENDIX J

Kristensen's Decalcifying Fluid (Lillie, 1965).



Kristensen's Fluid. pH 2.2:

8 N formic acid

1 N sodium formate

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

404

50.0 ml

50.0 ml



APPENDIX K

Haematoxylin and Eosin (Bancroft and stevens, 1982).
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Harris Haematoxylin:

Haematoxylin (C.!. 75290)

Aluminum ammonium sulphate

Absolute ethanol

Distilled water

Mercuric oxide

Glacial acetic acid

Dissolve the alum in the water with the aid of heat.

Dissolve the haematoxylin in the alcohol and add to the

alum. Bring the mixture to a boil, then remove it from the

heat. Add the mercuric oxide and the solution will foam.

Cool the solution rapidly and add acetic acid.

Eosin Solution:

Eosin Y (C.!. 45380)

Phloxine B (C.!. 45410)

Distilled water

· . . . . . . . . . . . . . . . 5.0 g

· . . . . . . . . . . . . . . . 100.0 g

· . . . . . . . . . . . . . . . 50.0 ml

· . . . . . . . . . . . . . . . 1000.0 ml

· . . . . . . . . . . . . . . . 2.5 g

· . . . . . . . . . . . . . . . 40.0 ml

18.0 g

3.0 g

1800.0 ml

Dissolve the phloxine in the water, add the eosine, and mix

well.
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APPENDIX L

Safranin 0 (Lillie, 1965).
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weigert's Haematoxylin:

solution A:

Haematoxylin (C.!. 75290) . . . . . . . . . . . . . . . . 1 g

100 mlAbsolute alcohol

Solution B:

29% aqueous ferric chloride

· . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . 4 ml

95 ml

1 ml

Distilled water

concentrated HCL

· . . . . . . . . . . . . . . . . . . . . . .

· . . . . . . . . . . . . . . . . . . . . . .

Mix equal parts of solution A and B immediately before use.

Safranin 0:

Safranin 0 (C.!. 50240)

Distilled water . . . . . . . . . . . . . . . . . . . . . . .

0.5 g

500.0 ml

. . . . . . . . . . . . . . . . . . . . . . .

Fast Green:

Fast green FCF (C.!. 42053)

Distilled water . . . . . . . . . . . . . . . . . . .

0.1 g

500.0 ml

. . . . . . . . . . . . . . . . . . .



APPENDIX M

Buffer, fixatives, and embedding medium for processing

tissues for transmission electron microscopy.
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0.1 M cacodylic buffer solution:

16 g cacodylic acid sodium salt

1000 ml double distilled water

adjust pH to 7.34

Glutaraldehyde fixative:

10 ml 8% pure glutaraldehyde (E.M. grade in ampules)

30 ml 0.1 M cacodylic buffer

This makes a 2% working solution.

osmium tetroxide fixative:

4% stock solution

- 1 g of Os04

- 25 ml double distilled water

Use equal volumes of the 4% stock solution with 0.1 M

cacodylic buffer to make up a 2% working solution.

Epon embedding medium:

Mixture A

- 100 ml DDSA (dodecenylsuccinic anhydride)

- 62 ml Epon 812

Mixture B

- 89 ml NMA (nadic methyl anhydride)

- 100 ml Epon 812

Mix six parts of A with four parts of B, then add

accelerator 1.5 - 2.0 ml DMP-30 [tri(dimethylaminomethyl)
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phenol] per 100 ml of the final mixture.
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APPENDIX N

Toluidine blue stain for one micron sections.
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staining Solution:

1% aqueous borax (sodium borate)

0.5% aqueous toluidine blue 0

1:1 ratio, mix and filter.
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APPENDIX 0

staining solutions for ultrathin sections.
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uranyl acetate:

4% aqueous uranyl acetate, pH 3.9

Lead citrate:

1.33 g of lead nitrate Pb(N03)2

1.76 g sodium citrate Na3(C6Hs07)2H20

Mix with 30 ml of doubled distilled water on a magnetic

stirrer for 3 - 4 hours. Add 8 ml of 1 N NaOH and bring

total volume to 50 ml with double distilled water. Adjust

the pH of the solution to 12.15 - 12.20 with 1 N NaOH and

filter before use.
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