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A B S T R A C T   

Diaphyseal long bone cortical tissue from 30 patients with lethal perinatal Sillence II and progressively 
deforming Sillence III osteogenesis imperfecta (OI) has been studied at multiple levels of structural resolution. 
Interpretation in the context of woven to lamellar bone formation by mesenchymal osteoblasts (MOBLs) and 
surface osteoblasts (SOBLs) respectively demonstrates lamellar on woven bone synthesis as an obligate self- 
assembly mechanism and bone synthesis following the normal developmental pattern but showing variable 
delay in maturation caused by structurally abnormal or insufficient amounts of collagen matrix. The more severe 
the variant of OI is, the greater the persistence of woven bone and the more immature the structural pattern; the 
pattern shifts to a structurally stronger lamellar arrangement once a threshold accumulation for an adequate 
scaffold of woven bone has been reached. Woven bone alone characterizes lethal perinatal variants; variable 
amounts of woven and lamellar bone occur in progressively deforming variants; and lamellar bone increasingly 
forms rudimentary and then partially compacted osteons not reaching full compaction. At differing levels of 
microscopic resolution: lamellar bone is characterized by short, obliquely oriented lamellae with a mosaic 
appearance in progressively deforming forms; polarization defines tissue conformations and localizes initiation 
of lamellar formation; ultrastructure of bone forming cells shows markedly dilated rough endoplasmic reticulum 
(RER) and prominent Golgi bodies with disorganized cisternae and swollen dispersed tubules and vesicles, 
structural indications of storage disorder/stress responses and mitochondrial swelling in cells with massively 
dilated RER indicating apoptosis; ultrastructural matrix assessments in woven bone show randomly oriented 
individual fibrils but also short pericellular bundles of parallel oriented fibrils positioned obliquely and oriented 
randomly to one another and in lamellar bone show unidirectional fibrils that deviate at slight angles to adjacent 
bundles and obliquely oriented fibril groups consistent with twisted plywood fibril organization. Histo-
morphometric indices, designed specifically to document woven and lamellar conformations in normal and OI 
bone, establish ratios for: i) cell area/total area X 100 indicating the percentage of an area occupied by cells 
(cellularity index) and ii) total area/number of cells (pericellular matrix domains). Woven bone is more cellular 
than lamellar bone and OI bone is more cellular than normal bone, but these findings occur in a highly specific 
fashion with values (high to low) encompassing OI woven, normal woven, OI lamellar and normal lamellar 
conformations. Conversely, for the total area/number of cells ratio, pericellular matrix accumulations in OI woven 
are smallest and normal lamellar largest. Since genotype-phenotype correlation is not definitive, interposing 
histologic/structural analysis allowing for a genotype-histopathologic-phenotype correlation will greatly 
enhance understanding and clinical management of OI.   
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1. Introduction 

Osteogenesis imperfecta (OI) is an hereditary connective tissue dis-
order characterized by variable degrees of bone fragility leading to 
fractures and deformation (Nijhuis et al., 2019; Bullough et al., 1981). 
Phenotypic variability ranges from severe under-formation of bone 
incompatible with life, the lethal perinatal variant, to a benign auto-
somal dominant condition with full-life expectancy where there is no 
bone deformity and fracture rarely occurs. Molecular changes in OI are 
increasingly well outlined but genotype-phenotype correlations are not 
definitive. Structural studies have become infrequent other than 
formalized histomorphometry on iliac crest bone biopsies. We previ-
ously defined a positional and functional difference in osteoblasts 
referred to as mesenchymal osteoblasts (MOBLs) that synthesize woven 
bone and surface osteoblasts (SOBLs) that synthesize lamellar bone 
(Shapiro, 1988; Shapiro, 2008; Shapiro and Wu, 2019). The terms static 
and dynamic osteogenesis refer to the same phenomenon (Ferretti et al., 
2002). We recognize a universal sequence of woven to lamellar bone 
formation by MOBLs and SOBLs respectively in the synthesis of normal, 
repair and pathologic bone (Shapiro and Wu, 2019). OI bone is assessed 
i) in the context of MOBLs and SOBLs forming woven and lamellar bone 
conformations respectively and ii) as a molecular disorder based on 
abnormalities affecting collagen synthesis. The histologic spectrum of 
cell and tissue changes from lethal perinatal and progressively deform-
ing OI long bones are outlined at multiple levels of resolution by light 
microscopy (LM), polarizing light microscopy (PLM), transmission 
electron microscopy (TEM) and histomorphometric (HM) measurements 
designed for specific parameters of woven and lamellar bone. We also 
interpret observations from previous histopathologic studies in terms of 
the woven bone – lamellar bone continuum and current knowledge of 
mutations affecting collagen synthesis. Clinical severity of OI, while 
based on molecular abnormalities, is accurately reflected in the struc-
ture of bone along the woven to lamellar continuum. We propose that 
increased use of structural bone studies would translate into a mean-
ingful bridge between molecular studies and clinical management. 

2. Materials and methods 

2.1. Bone specimens 

2.1.1. Osteogenesis imperfecta bone 
Bone specimens from 30 patients with osteogenesis imperfecta were 

obtained at autopsy (4 patients, Sillence II lethal peri-natal) or from 
intact long bones at time of osteotomy to correct deformity (26 patients, 
Sillence III progressively deforming). Osteotomies were done electively 
on intact but deformed bones, none of the tissue was obtained at time of 
or shortly after acute fractures and tissue removed as part of correction 
otherwise would have been discarded. Patients were categorized using 
Sillence et al. terminology (Sillence et al., 1979a) and temporal/radio-
graphic categorization [OI Congenita A, OI Congenita B, OI Tarda A, OI 
Tarda B] based on congenita/tarda definitions (Shapiro, 1985; Kocher 
and Shapiro, 1998). Reference to the two classification systems allows 
histological findings from earlier studies to be incorporated into current 
clinical terminology; lethal perinatal Sillence II =OIC A and progres-
sively deforming Sillence III =OIC B, OIT A and earlier more severe OIT 
B. 

2.1.2. Normal bone 
Normal bone specimens were obtained from 11 individuals. 

Neonatal, childhood and young adult cortical diaphyseal bone was ob-
tained from 9 patients who died from non-skeletal disorders or had non- 
affected bone, that would otherwise have been discarded, removed at 
amputation or tumor resection for osteosarcoma. Human fetal long bone 
histology slides (2 fetuses) were reviewed from longstanding Orthopedic 
Research Laboratory collections. Cortical long bone tissue for our studies 
was obtained over a several year period by one author (FS) at Boston 

Children’s Hospital, Boston, MA, from which the study had continuous 
IRB approval. 

2.2. Tissue preparation 

2.2.1. Light microscopy 
Bone was prepared for light microscopy examination by one of three 

methods: paraffin embedding, JB4 plastic embedding, and epon 
embedding (tissue being prepared for transmission electron micro-
scopy). For paraffin and plastic embedding techniques, tissues were 
fixed initially in 10% neutral buffered formalin and then decalcified in 
25% formic acid. After embedding, they were sectioned at 5 μ thickness 
and stained either with hematoxylin and eosin (paraffin) or 1% toluidine 
blue (plastic). The sections embedded in epon were sectioned at 1 μ 
thickness and stained with 1% toluidine blue. Assessments included: 
osteocyte cellularity in relation to matrix structure (woven or lamellar), 
proportions and appearances of woven and lamellar bone when both 
were present on the same tissue section, and structure of lamellar tissue 
deposition. 

2.2.2. Transmission electron microscopy 
OI bone tissue was obtained from intact femurs or tibias undergoing 

osteotomy for deformity correction. Bone samples were fixed in the 
operating room for maximum preservation of cell detail. Bone spicules 
approximately 1 mm × 1 mm × 1 mm were fixed in a mixture of one part 
2.5% glutaraldehyde to two parts 1.0% osmium tetroxide and 0.1 M 
cacodylate buffer. Decalcification was performed in 7.5% EDTA and 
2.5% glutaraldehyde. Tissues were embedded in Epon, sectioned at 1 μ 
thickness, stained with 1% toluidine blue and examined by light mi-
croscopy to choose areas for ultrastructural assessment. Blocks were 
trimmed, sectioned at 60 nm and stained with lead citrate and uranyl 
acetate. 

2.3. Tissue examination 

2.3.1. Light microscopy 
Tissue was examined from all 30 OI and 11 normal individuals. 

Multiple tissue samples were examined since several bones per indi-
vidual were often obtained (autopsies) and several OI patients had more 
than one operative procedure. LM assessment initially used a Zeiss 
photomicroscope with polarization capability and subsequently an 
Olympus BX50 photomicroscope equipped for polarization studies. 
Zeiss-examined tissue was photographed using film while tissue exam-
ined on the Olympus microscope was recorded by a digital camera 
system. 

2.3.2. Polarizing light microscopy 
All tissue sections examined by LM were also examined under po-

larization. Tissue sections were examined by PLM on the Zeiss micro-
scope using polarization sheets and on an Olympus B50 microscope with 
polarization adaptation using a γ 137 nm U-TP137 quarter wave test 
(phase) plate. For demonstration and documentation of the polarization 
of any specific matrix, a light microscopy section photomicrograph was 
taken followed immediately by a polarization view of the same section. 
Both plastic and paraffin embedded sections were examined. 

2.3.3. Transmission electron microscopy 
TEM assessments of OI bone were performed on 16 patients, 

encompassing 20 groups of specimens due to repeat procedures on 
some. Examination was performed on a JEOL 100C or JEOL 1200 
electron microscope at 60 kV. Specific attention was directed to: i) 
mesenchymal osteoblasts (MOBLs) of woven bone, surface osteoblasts 
(SOBLs) synthesizing lamellar bone and osteocytes within the specific 
matrices and ii) collagenous matrix in terms of its conformation (woven 
or lamellar), fibril appearance and fibril diameters. 
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2.4. Correlations between histology and radiographic structure 

2.4.1. Samples assessed 
Femoral and tibial cortical bone samples (41) were assessed in a 

subset of 17 OI patients in relation to their corresponding long bone 
radiographs. Diaphyseal bone tissue was assessed from 4 type II patients 
(lethal perinatal) undergoing autopsy and 13 type III patients (pro-
gressively deforming) undergoing osteotomies. Some of the type III 
patients had more than one long bone operated or repeated procedures 
to account for the number of samples assessed. 

2.4.2. Histologic grading 
Following light and polarizing microscopic examination bone sec-

tions were graded semi-quantitatively. Criteria were developed to reflect 
specific features of OI cortical bone: cortical compaction, determined as 
<50%, 50% to 75%, and > 75%; lamellar pattern, discontinuous (mosaic) 
pattern, referring to short segments of lamellar bone positioned 
obliquely and or at right angles to adjacent segments or continuous 
(normal) pattern; and percentage of woven and lamellar bone, grade 1: all 
woven, grade 2: woven and lamellar (2a woven > lamellar, 2b 
woven = lamellar, 2c woven < lamellar), and grade 3: all lamellar (3a 
partially compacted, 3b fully compacted). 

2.4.3. Radiographic grading 
Radiographs of the bone from which specimens were obtained were 

assessed. Grading criteria reflected major determinants of structure: 
cortical thickness, thin or thick and long bone diaphyseal shape, mildly or 
markedly bowed. 

2.5. Histomorphometry 

2.5.1. Light microscopy 
Histomorphometry studies involved assessment of multiple histo-

logic sections from OI femoral and tibial cortical diaphyseal bone in 12 
patients with type II OI (OIC A) and type III OI (OIC B or OIT A) and from 
normal cortical diaphyseal bone in 11 individuals (2 approximately 4-5 
month fetuses [3 femurs, 2 humeri], 2 newborn femurs from autopsies 
for non-skeletal disorders and 7 children and adolescents undergoing 
amputation or wide tumor resection for osteosarcoma). 

Quantitation was performed in specimens with areas clearly defin-
able as woven or lamellar bone. Cell and matrix outlines were performed 
either on standardized photomicrographs taken at 16× magnification, 
printed at 8′′ X 10′′ size, and traced on the Zeiss Interactive Digital 
Analysis System (Zidas) or directly from microscopic images using the 
digitized histomorphometry application on the Olympus B50 micro-
scope. LM and PLM examination defined woven bone in lethal perinatal 
Sillence II (OIC A) and fetal specimens, mixtures of woven and lamellar 
bone in progressively deforming Sillence III (OIC B and OIT A) and 
newborn normal bone and lamellar bone alone in normal childhood and 
adolescent specimens. Two or three histologic sections were made from 
each of several regions in a bone tissue specimen. Values from the 2 or 3 
slides were quantitated and a mean value was determined to serve as the 
value from that localized area. A mean value was then determined from 
several regions of a specimen to serve as the value for the bone/ 
specimen. 

2.5.2. Quantitation of woven and lamellar bone areas 
Quantitation of woven and lamellar bone areas involved: i) total area 

of the specific tissue being assessed (woven or lamellar); ii) area of the cells 
in the specific tissue (woven or lamellar measured as the area of the 
lacunae) and iii) number of cells in the specific area (woven or lamellar). 
Two types of ratio were then documented: a) Cell area/total area ratios of 
woven and lamellar bone were determined and converted to more 
clearly understood percent tissue involvement as cell area/total area X 
100. These valuations serve as an index of cellularity of tissue types, 
referred to as a cellularity index. b) Total area/number (#) of cells ratios of 

woven and lamellar bone were determined. These valuations serve as an 
indication of the relative amount (area) of a tissue type associated with/ 
supported by an osteocyte within it, referred to as the spatial pericellular 
domain. 

2.5.3. Statistical analyses 
Statistical analyses were performed using the GraphPad Prism 5 

software (GraphPad Software, San Diego, CA). Data were evaluated 
using either student’s t-test or two-way ANOVA with multiple compar-
isons and Bonferroni’s test as the post-hoc analysis. All data are shown 
either as mean ± SD unless indicated. 

2.5.4. Ultrastructural quantitation of collagen fibril diameters from OI and 
normal bone 

Collagen fibril diameters in bone tissue were measured on numerous 
cross-sections from multiple bone spicules from 9 patients with OI and 2 
normal controls. A mean number of 16 (range 10–26) fibers from 2 or 3 
different regions of the same bone were measured. Fiber diameters were 
measured from newly synthesized osteoid as these were sufficiently 
discrete to allow for accurate quantitation. Electron micrographs of 
35,400 magnification or greater were used to enhance accuracy. Fibril 
diameters were measured using a millimeter scale examined through an 
8× magnification loupe (Agfa – Lupe 8×, Agfa-Gevaert AG, Munich, 
Germany) and millimeter values were converted to nanometers using 
the Slide Guide (Dunne and Riedmann, Pacific Palisades, CA). 

3. Results 

3.1. Light microscopy findings related to clinical classification 

Light microscopic images of osteogenesis imperfecta bone are pre-
sented in Fig. 1a–g. 

3.1.1. Lethal perinatal OI (Sillence II, OIC A) 
Bone from 4 patients with lethal perinatal OI was assessed with 

similar findings in each. Spicules of highly cellular woven bone only 
without lamellar tissue are present in all femoral and tibial sections 
(Fig. 1a–c). Osteocytes are large, oval to irregularly shaped and sepa-
rated by small amounts of matrix. Femoral and tibial cortices are 
composed of isolated segments of woven bone often with no continuity. 
Bone is well vascularized and marrow is cellular with few to absent 
trabeculae (Fig. 1a ii, c ii). Surface osteoblasts are seen occasionally on 
the more prominent collections of woven bone tissue but linear series of 
surface osteoblasts completely covering all woven bone accumulations 
are not seen (Fig. 1c ii). Where present, the SOBLs synthesize surface 
collections of parallel fibered matrix (osteoid) but these contain no os-
teocytes (Fig. 1g i). Within metaphyseal regions many cartilage cores 
remain uncovered by any bone or are covered only by discontinuous 
collections of bone. The epiphyseal, articular and physeal cartilage re-
gions are structurally normal. 

3.1.2. Progressively deforming OI (Sillence III, OIC B, OIT A) 
In each patient, the cortex consists of both woven and lamellar bone 

with the lamellar bone having been synthesized on woven scaffolds 
(Fig. 1d). Sub-periosteal regions, where the most recently synthesized 
bone is present, are highly woven and regions deeper within the cortex 
show increasingly more lamellar bone since they had been synthesized 
earlier. The intermixture of these two conformational patterns is noted 
in all age groups and in both ambulatory and non-ambulatory patients. 
The lamellar bone is either parallel fibered and non-osteonal or, if 
osteonal, is either rudimentary or partially compacted only (Fig. 1e). 
Rudimentary osteons surround longitudinal vessels but are initially 
small and embedded in large accumulations of woven bone (Fig. 1f i). As 
development towards normal occurs, there are more and larger osteons 
and diminished woven bone tissue but only partial compaction as rela-
tively large intracortical spaces, filled with cells and central vessels, 
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Fig. 1. Osteogenesis imperfecta bone tissues 
assessed by light microscopy photomicro-
graphs are shown. 
a. i) Anteroposterior and lateral views of a 
femoral specimen X-ray from an OI Sillence II 
(OIC A) patient who died a few weeks after birth 
are shown; ii) Cross-section of the femur diaph-
ysis (same specimen) shows periosteum (P) at 
top, a narrow collection of discontinuous cortical 
woven bone (W) and an extensive marrow cavity 
(M) without trabeculae below. Plastic embedded 
1% toluidine blue stained section. 
b. i) Woven bone from tibial cortex of a type II 
(OIC A) patient is surrounded by cellular tissue 
with vessels. Paraffin embedded hematoxylin 
and eosin stained (black and white) section. ii) A 
separate section of tibial cortex in a type II (OIC A) 
patient shows thin woven bone spicules sepa-
rated by wide minimally cellular spaces. Plastic 
embedded 1% toluidine blue stained section. 
c. i) Woven bone alone is present in femoral 
cortex from type II (OIC A) patient. The tissue is 
well vascularized (arrows). Woven bone cells are 
round to oval and closely packed. Plastic 
embedded 1% toluidine blue stained section. ii) 
Woven bone (W) accumulations, even in type II 
bone, when sufficiently extensive can lead to 
coverage by surface osteoblasts (SOBLs). 
MOBLs = mesenchymal osteoblasts. Plastic 
embedded 1% toluidine blue stained section. 
d. i) Lamellar on woven bone pattern of tissue 
deposition is seen with close observation in 
specimen from type III patient. Cell shape is 
distinctive in each tissue conformation; woven 
bone cells are round to oval and lamellar bone 
osteocytes are elliptical and elongated along the 
long axis of the lamellae. W = woven bone, 
L = lamellar bone and SOBLs = surface osteo-
blasts. Plastic embedded 1% toluidine blue 
stained section. ii) Higher power LM shows 
lamellar (L) on woven (W) bone deposition in 
specimen from type III patient. Plastic 
embedded 1% toluidine blue stained section. 
e. Four photomicrographs (i-iv) from tibial 
cortical bone in different type III patients 
demonstrate the mosaic pattern of lamellar OI 
bone formation in severe to moderate cases. The 
lamellae are short and obliquely positioned to 
one another. Figures i, ii and iv are also examples 
of partial compaction of the forming lamellar 
bone. Plastic embedded 1% toluidine blue 
stained sections. 
f. i) Rudimentary (Rud) osteon formation begins 
as lamellar (L) bone on woven (W) bone for-
mation increases. Tissue shown is from a severe 
type III (OIC B) femur. Plastic embedded 1% 
toluidine blue stained section. ii) The amount of 
lamellar bone is greatly increased in this type III 
patient and compaction has increased from 
rudimentary to partial. Plastic embedded 1% 
toluidine blue stained section. iii) Section illus-
trates the mechanism of osteonal formation 
from SOBLs synthesizing lamellar tissue and 
closing in on longitudinal blood vessels (BV). 
Lamellar (L) tissue has been deposited on woven 
(W) bone scaffolds in type III patient. Plastic 
embedded 1% toluidine blue stained section. 
g. i) Osteoid (Os) tissue layer is prominent in this 
type II tissue section. The osteoid has been 
synthesized by the SOBLs on the woven (W) 
bone scaffold. Plastic embedded 1% toluidine 
blue stained section. ii) Lamellar bone from a 
type III patient shows a dense concentration of 
canaliculi linking adjacent osteocytes. Plastic 
embedded 1% toluidine blue stained section.   
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Fig. 1. (continued). 
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persist (Fig. 1f ii). Compact fully mature osteons (Haversian bone sys-
tems) are not seen. Bone tissue is either woven or lamellar with inter-
mediate mixtures not seen. Osteocyte size and number are diminished in 
lamellar as compared with woven bone. Cells communicate in both 
types of bone via canaliculi. In heavily stained sections, there is an 
abundance of canaliculi per osteocyte/osteoblast with those in woven 
bone randomly oriented in relation to cells and matrices while those in 
lamellar bone are oriented transversely or longitudinally as cells assume 
a shape parallel to the long axis of the lamellae (Fig. 1g ii). 

3.2. Relative amounts of woven and lamellar bone deposition 

A grading system was outlined based on differing matrix orienta-
tions. Grade I refers to presence of discontinuous spicules of woven bone 
only with a subgrade, Grade Ia, applied when microscopy shows thin 
collections of parallel-fibered osteoid on isolated woven bone surfaces. 
Grade II bone tissue specimens demonstrate both woven and lamellar 
components with three relative proportional groupings: Grade IIa woven 
bone greater in amount than lamellar bone; Grade IIb woven and 
lamellar bone in equal amounts; and Grade IIc lamellar bone greater in 
amount than woven bone and forming rudimentary osteons. Grade III 
refers to presence of lamellar bone exclusively with two relative pro-
portional groupings: Grade IIIa forming partially compacted osteonal 
systems with considerable intracortical space between them and Grade 
IIIb where lamellar bone is composed of fully compacted mature osteons 
(Haversian systems), interosteonal lamellar bone and little to no intra-
cortical space devoid of bone tissue. Grade I or Ia specimens are char-
acteristic of Type II (OIC A) OI as discontinuous spicules of woven bone 
with or without thin surface collections of parallel fibers. Grade II 
specimens are characteristic of Type III (OIC B, OIT A, OIT B) OI and 
comprise the large majority of specimens. Grade IIIa specimens (all 
lamellar bone) are seen in this patient group but there are no fully 
compacted collections. The grade II subgroups allow for demonstration 
of evolving osteonal synthesis; grade IIa shows only traces of lamellae on 

woven bone surfaces insufficient for osteonal synthesis, grade IIb has 
sufficient lamellar bone to allow for beginning osteonal synthesis, and 
grade IIc has enough lamellar bone to enclose complete lamellation and 
enhance rudimentary to partial compaction (synthesizing bone pro-
gressively inwards towards the vessel). 

3.3. Specific patterns of lamellar bone deposition 

3.3.1. Mosaic pattern 
All grade II bone tissue shows a unique pattern of disorganized 

lamellar deposition. It is composed of short segments of lamellae posi-
tioned either obliquely at varying angles and sometimes even at right 
angles to adjacent short segments. These various segments positioned at 
oblique multiplanar angles to one another in random array present a 
mosaic appearance markedly distinct from the lamellar patterns of 
lengthy parallel fibril collections characteristic of normal bone (Fig. 1e i- 
iv). 

3.3.2. Tissue compaction 
Tissue compaction refers to the amount of bone tissue per unit area. 

Lethal perinatal bone cortices show poor compaction where there are 
only small woven bone fragments (spicules) separated by regions of 
fibrous tissue and vascularity. In grade II OI bone there is partial 
compaction that increases progressively from areas of woven bone 
predominance to areas of equal woven and lamellar bone to areas where 
lamellar bone predominates. The lamellar bone then increasingly fills in 
space surrounding the vessels to further compact the osteonal systems. 
Although not included in this report, autosomal dominant OI bone (or 
normal bone which it closely approximates in mild cases) shows 
lamellae, osteons, and interosteonal lamellae to be densely packed 
filling the unit area with bone tissue and defining full or dense 
compaction. 

Fig. 1. (continued). 
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3.4. Polarizing microscopy 

PLM demonstrates random orientation of fibers with non-passage of 
light in woven bone (isotropic) and the parallel orientation of fibers with 
passage of light in lamellar bone (anisotropic) (Fig. 2a–c). While woven 
and lamellar bone conformations can be distinguished without polari-
zation by careful examination of well-prepared histologic sections, PLM 
is particularly valuable in distinguishing the two conformations and 
defining the early stages of conformational change. Polarization dem-
onstrates the orientation of parallel fiber deposition as the woven bone 
scaffold becomes sufficiently extensive to allow for SOBLs to begin early 
deposition of surface bone. It also better outlines the mosaic pattern of 
lamellar tissue deposition in grade II variants as long as the same region 
is assessed by microscope stage rotation since the axes of the short 
oblique lamellae differ. 

3.5. Subgroup of patients undergoing LM histology and radiology 
comparisons 

This assessment is based on 41 specimens from 17 OI patients. The 
range of radiographic findings in lower extremity long bones is seen in 
Fig. 3 i-v. 

3.5.1. Histology 

3.5.1.1. Percentages of woven and lamellar bone. Grade I specimens (all 
woven bone) comprise 18%; Grade 2 (woven and lamellar components) 
comprise the large majority of the specimens at 82% with the sub- 
grading breakdown 2a (woven > lamellar) 10%, 2b 
(woven = lamellar) 18%, and 2c (lamellar > woven) 54%; and Grade 3 
(all lamellar bone) 0%, not seen. 

3.5.1.2. Compaction. <50% is present in 35% of the specimens; from 
50% to 75% in 43%; and > 75% in 22%. 

3.5.2. Radiology 
Radiology assessments grade the cortices as thin in 42% and thick in 

58% and the diaphysis as markedly bowed in 84% and only minimally 
bowed in 16%. 

3.5.3. Radiology-histology correlations 
When the percentage compositions of woven and lamellar bone are 

considered, Grades 1, 2a and 2b have thin cortices and Grade 2c thick 
cortices. While Grades 1 and 2a are markedly bowed, Grade 2b is 
minimally bowed and Grade 2c mildly bowed. When cortical compaction 
is related to radiologic findings, <50% compaction is associated with 
thin cortices and markedly bowed segments; 50% to 75% compaction 
with thin more often than thick cortices with segments usually bowed; 
and with >75% compaction, cortices are thick and minimally bent. 

3.6. Light microscopic histomorphometry of woven and lamellar bone 

Assessments involve 37,884 cells from 449 histologic sections 
(Table 1). 

3.6.1. General assessment of osteogenesis imperfecta bone versus normal 
bone and woven bone versus lamellar bone (PRISM t-test)  

i). cell area/total area × 100. All OI bone cells (woven and lamellar 
tissue combined) show greater cellularity than all normal bone 
cells (woven and lamellar tissue combined). The value in OI bone 
is 4.24 ± 2.43 (23) and in normal bone 2.13 ± 1.51 (13) 
(p < 0.01). All woven bone cells (OI and normal tissue combined) 
show greater cellularity than all lamellar bone cells (OI and 

normal tissue combined). The value in woven bone is 5.42 ± 2.16 
(16) and in lamellar bone 1.93 ± 0.95 (20) (p < 0.0001).  

ii). total area/cell number. All OI bone cells (woven and lamellar 
combined) are surrounded by less matrix than all normal bone 
cells (woven and lamellar combined); OI bone 228 ± 97 (23) and 
normal bone 388 ± 199 (13) (p < 0.01). Similarly, all woven 
bone cells (OI and normal combined) are surrounded by lesser 
amounts of matrix than all lamellar bone cells (OI and normal 
combined); woven bone 166 ± 58 (16) and lamellar bone 
382 ± 150 (20) (p < 0.0001) (Fig. 4a and b). 

3.6.2. Specific assessment of four groups of tissue conformations (PRISM 2 
way ANOVA)  

i). cell area/total area × 100. Normal woven bone (4, two fetal and 
two newborn individuals) registers a cell area/total area index of 
4.08 ± 0.98 SD (53 histologic sections, 6525 cells) and normal 
lamellar bone (9, newborn to young adult) registers an index of 
1.26 ± 0.57 (164 sections, 11,997 cells) (p < 0.05). Osteogenesis 
imperfecta woven bone (11, newborn – 18 years of age) registers 
an index of 5.86 ± 2.29 (103 sections, 10,871 cells) and lamellar 
bone (10, 2–18 years of age) registers an index of 2.47 ± 0.86 
(129 sections, 8491 cells) (p < 0.0001). Also, OI woven bone is 
significantly more cellular than normal lamellar bone 
(p < 0.0001) (Fig. 4c).  

ii). total area/cell number (providing a relative index of pericellular 
matrix volume) from the same histologic sections assessed in 
section i above: in normal lamellar bone 482 ± 165 and normal 
woven bone 178 ± 19 (p < 0.001); in OI lamellar bone 300 ± 69 
and in OI woven bone 162 ± 67 (p < 0.05). Also, normal lamellar 
bone ratio is much higher than OI lamellar bone (p < 0.01) and OI 
woven bone (p < 0.0001). These latter values indicate that both 
normal and OI lamellar bone osteocytes are surrounded by 
greater accumulations of collagen matrix than woven bone os-
teocytes (Fig. 4d). 

The highest cellularity index seen is in OI woven bone (5.86); it is 
always higher (p < 0.0001) than the corresponding lamellar bone index 
in both OI and normal bone and is higher than the index in normal bone 
(4.08), although not at a statistically significant level. The lamellar bone 
index is also higher in OI versus normal bone, 2.47 and 1.26 respec-
tively, although not at a statistically significant level indicating that the 
cellularity of OI bone begins to approach that of normal bone. The less 
severe the variant of OI is, the closer to normal values it would register. 
The total area/number of cells ratio, an index of the spatial pericelllular 
domain, is even more sensitive to group differences in the two-way 
ANOVA application. Normal lamellar bone has the highest pericellular 
domain with statistically significant differences compared to OI lamellar 
bone (p < 0.01), normal woven bone (p < 0.001), and OI woven bone 
(p < 0.0001) (Fig. 4d). 

The cellularity index for woven bone varies greatly, compared to that 
for lamellar bone, since the stage of woven bone formation determines 
the concentration of mesenchymal osteoblasts in relation to the amount 
of surrounding collagen. The index is thus highest in areas of developing 
cellular differentiation where woven bone formation is either extremely 
limited by disease or just beginning in the normal. This is seen in bones: 
i) affected with perinatal lethal Sillence II OI (individual A, 9 regions, 11 
histology sections) where the mean cellular index is 8.87 (range 
13.25–5.85) compared to 5.86 in all 12 OI patient assessments and 5.59 
in the other 11 progressively deforming Sillence III OI patients and ii) in 
normal groove of Ranvier region where periosteum begins to form with 
a value of 10.80 compared with entire woven bone mean of 4.37 and a 
value of 3.08 excluding the Ranvier region. 
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3.7. Transmission electron microscopy cell observations; mesenchymal 
osteoblasts (MOBLs) and surface osteoblasts (SOBLs) 

The primary ultrastructural finding, in both MOBLs synthesizing 
woven bone and SOBLs synthesizing lamellar bone on the woven bone 
scaffold, is cytoplasm containing abundant amounts of rough 

endoplasmic reticulum (RER) that is invariably moderately to markedly 
dilated and filled with a mildly electron-dense homogeneous material 
(Fig. 5a and b). Also seen in both types of osteoblasts are enlarged cir-
cumscribed Golgi bodies with disorganized cisternae, rather than linear 
curvilinear collections seen in quiescent cells, and swollen dispersed 
tubules and vesicles (Fig. 5a–c). Mitochondrial swelling is seen only in 

Fig. 2. Images show the value of using 
polarizing light microscopy (PLM) to high-
light woven and lamellar conformations in 
osteogenesis imperfecta bone. 
a. i) and ii) LM photomicrographs shows 
both lamellar and woven bone from a type III 
patient. The box in i outlines the region 
magnified in ii. Woven (W) bone is relatively 
hypercellular with round to oval cells 
compared with lamellar (L) bone where cells 
are elliptical and oriented along the axis of 
the lamellae. iii) and iv) PLM views show the 
same tissue seen by LM in i and ii. The box in 
iii outlines the region magnified in iv. Woven 
(W) bone regions are dark due to the random 
orientation of the collagen fibrils producing 
an isotropic effect with polarization. 
Lamellar (L) bone regions are light due to the 
parallel orientation of the fibrils producing 
an anisotropic effect allowing passage of 
light with polarization. The clear-cut differ-
entiation of woven and lamellar tissue is 
highlighted by the PLM technique. Plastic 
embedded 1% toluidine blue stained section. 
b. i) LM section of cortical bone from patient 
with type II OI shows mixture of woven (W) 
and lamellar (L) bone. At this magnification 
one can distinguish the 2 conformations, 
especially by looking at the cellularity 
regarding number and shape. ii) PLM view of 
the exact same section highlights lamellar 
(L) bone as light blue (anisotropic) and 
woven (W) bone as dark (isotropic). Thin 
short streaks of light blue within woven 
areas represent the earliest phases of 
lamellar bone deposition on a sufficient 
woven scaffold. Plastic embedded 1% tolui-
dine blue stained section. 
c. i) A section of femoral bone assessed by 
LM is shown; ii) the same section is assessed 
by PLM. MOBLs = mesenchymal osteoblasts 
synthesizing woven (W) bone and 
SOBLs = surface osteoblasts synthesizing 
lamellar (L) bone. An * (asterisk) = central 
vascular canal of forming osteon. Plastic 
embedded 1% toluidine blue stained section. 
d. Section of mosaic pattern in OI diaphyseal 
bone using partial polarization allows for 
cellular visualization as well as lamellar 
matrix orientation. The bone tissue is all 
lamellar and partially compacted but shows 
multiple short lamellae in variable orienta-
tions (cross-section, longitudinal and obli-
que). With rotation of the slide, regions 
appearing dark show the parallel lamellar 
orientation. Plastic embedded 1% toluidine 
blue stained section under partial 
polarization.   
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osteoblasts with massively dilated RER (Fig. 5d). 

3.8. Transmission electron microscopy collagen matrix observations 

3.8.1. Fibrillar orientation 
While fibrillar orientation is random to parallel in conformity with 

the light and polarizing microscopic appearances of woven and lamellar 
bone respectively, additional ultrastructural observations are made 
within both conformations (Fig. 6a). 

3.8.1.1. Woven bone. In woven bone, while accumulations of individual 
fibrils were randomly arrayed, considerable parts were composed of 
numerous small bundles of parallel fibrils that were obliquely oriented 

in relation to adjacent bundles (Fig. 6b). Much of what appears as woven 
bone at the LM or PLM level is actually collections of small parallel- 
fibered bundles of collagen that are randomly oriented to one another. 

3.8.1.2. Lamellar bone. In lamellar bone fibrils tend to align in uni- 
directional array rather than being absolutely parallel. Several groups 
of fibrils deviate from adjacent fibrils to be positioned slightly oblique to 
one another along the long axis of a particular lamella Fig. 6c, d ii, 6e i). 
Orthogonal arrays of adjacent lamellae formed, as in classic de-
scriptions, as parallel longitudinal fibers in one plane are juxtaposed at 
right angles with parallel transverse fibers in the immediately adjacent 
plane Fig. 6d i). On occasion a regular oblique interdigitation pattern of 
fibril bundles in a herringbone pattern is seen in lamellar bone (Fig. 6e 

Fig. 2. (continued). 
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ii). For the most part, fibrillar appearances are examples of the angular 
or twisted rotation of fibrils in lamellar bone rather than specific 
abnormal patterns due to OI. The regularity of formation makes it 
difficult to attribute the findings to pathologic malformation. 

3.8.2. Individual collagen fibrils 
Individual collagen fibrils are generally normal appearing in both 

woven and lamellar bone. The fibrillar periodicity is normal along the 
long axis of the fibrils and the fibrils are round without electron dense 
accumulations on their outer surfaces in cross-sectional planes. The 
transition from woven bone to lamellar bone is abrupt, even at the TEM 
level, and intermediate regions mixing the conformations are not seen. 

3.8.3. Measurement of collagen fibril diameters 
On measurement, collagen fibril diameters range from 45 to 90 nm 

with occasional fibrils as wide as 120 nm. The fibril diameters are within 
the low normal range. Ranges of values from 9 OI patients and 2 normal 
controls are shown in Table 2. 

4. Discussion 

4.1. Extent of the woven to lamellar bone formation continuum in 
osteogenesis imperfecta underlies the eventual maturation level of the tissue 

4.1.1. Overview 
Study of OI bone, in the context of the continuum of woven to 

lamellar bone formation, demonstrates two basic mechanisms in OI 

bone histogenesis: i) that lamellar on woven bone deposition is an 
obligate self-assembly mechanism at a hierarchical level beyond the 
known self-assembly of the collagen molecule itself and ii) that bone 
synthesis in OI follows the normal developmental pattern but shows 
variable delays in maturation due to synthesis of structurally abnormal 
or insufficient amounts of collagen. The histogenesis and structural 
characteristics of OI bone tissue are summarized in Table 3. 

Cortical bone development occurs in hierarchical fashion (Reznikov 
et al., 2014). Development begins with synthesis of collagen by newly 
differentiated mesenchymal osteoblasts. This study has assessed the 
supramolecular changes that occur as the genetically flawed collagen 
molecules proceed with bone formation. Structural findings in OI 
demonstrate imperfect progress in the continuum of woven to lamellar 
bone formation. By specifically defining bone tissue conformation as 
woven, woven and lamellar or fully lamellar; the lamellar component as 
non-osteonal or osteonal; and the osteonal component as rudimentary, 
partially compacted or fully compacted and relating it to the gene/ 
molecular abnormality it becomes possible to better understand the 
ultimate effects of specific mutations on bone structure. Bone synthesis 
in OI follows the normal developmental pattern but rarely achieves fully 
compacted osteonal lamellar bone. The morphologic appearance of OI 
bone shows a continuum of change from severe lethal perinatal to 
progressively deforming forms. The developmental pattern in OI can be 
considered (borrowing a term from the hematology discipline) as 
showing a “shift to the left” indicating that a particular population of 
cells and tissue conformation is shifted towards more immature pre-
cursor patterns (Table 4). 

Fig. 3. Five radiographs show the range of deformity and cortical thickness in lower extremity long bones with decreasing clinical severity. i) Anteroposterior view of 
femur in severe type III (OIC B) patient showing extreme diaphyseal and cortical thinness with marked deformity and ii – v) type III (OIT A) patients with ii) lateral 
tibia with marked cortical thinness; iii) and iv) lateral tibia radiographs with improved cortical thickness; and v) lateral femur with marked deformity but reasonably 
good cortical thickness. 

Table 1 
Histomorphology assessments in OI and normal bone.   

Number of regions Number of histology sections Number of cells assessed 

OI Bone 108 232 19,362 
12 Patients [W 48, L 60] [W 103, L 129] [W 10871, L 18491] 
Normal Bone 104 217 18,522 
11 Individuals [W 25, L 79] [W 53, L164] [W 6525, L 11997] 
Total 212 449 37,884  

[W 73, L 139] [W 156, L 293] [W 17396, L 20488]  
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Fig. 4. Histomorphometric studies compare woven and lamellar bone in normal and osteogenesis imperfecta bone. 
a. Histomorphometric comparison between all osteogenesis imperfecta bone specimens and all normal human bone specimens is shown. 
b. Histomorphometric comparison between all woven bone tissue and all lamellar bone tissue is shown. Student t-test values: for panels a and b * p < 0.05; ** 
p < 0.01; *** p < 0.001; and **** p < 0.0001. 
c. Histomorphometric values for cell area / total area X100 assess OI and normal woven bone and OI and normal lamellar bone. 
d. Histomorphometric values for total area / number of cells assess OI and normal woven bone and OI and normal lamellar bone. Key: * compared to OI woven bone, 
+ compared to normal woven bone, ^ compared to OI lamellar bone. Data were evaluated using two-way ANOVA with multiple comparisons and Bonferroni’s test as 
the post-hoc analysis. Significance level is the same as panels a and b for all symbols. 
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Fig. 5. Transmission electron micrographs of osteogenesis imperfecta osteoblasts and osteocytes show specific cell features. 
a. Cells are from a patient with type III OI. i) Surface osteoblasts (SOBLs) show prominent Golgi bodies (G) and abundant rough endoplasmic reticulum (arrows). 
Marker = 1.33 μm; ii) Single surface osteoblast (SOBL) with prominent Golgi body (dark arrow) and dilated rough endoplasmic reticulum (white arrows). The 
osteoblast is flat against the surface of the underlying matrix (lower 1/3rd of image) that consists of unidirectional collagen fibrils in orthogonal array (layers at right 
angles to one another). Marker = 1.33 μm. 
b. Markedly dilated RER is seen in cells from 4 different type III patients. i) SOBL, marker = 1.33 μm; ii) MOBL, marker = 1.33 μm; iii) osteocyte, marker = 0.67 μm, 
iv) SOBL, marker = 1.18 μm. 
c. Abnormal Golgi bodies seen in SOBLs in patients with type III OI are shown. G = Golgi body; RER = rough endoplasmic reticulum. i) Prominent Golgi body (G) is 
seen in SOBL in the peri-nuclear region. Dilated RER is present in adjacent SOBL at upper left. Marker = 1.18 μm; ii) Magnified image from an adjacent cell showing 
irregular stacked cisternae (wide white arrow) and scattered swollen tubules and vesicles (TVs) (narrower white arrows). Marker 0.77 μm; iii) Osteoblast from 
another type III patient showing markedly dilated RER (black arrows) and a prominent Golgi with markedly swollen tubulovesicular (TVs) components (white 
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The deviations in structure in OI from normal are due to variable 
delays in maturation. The more severe the variant of OI is, the greater 
the persistence of woven bone and the more immature the structural 
pattern. The pattern shifts to a structurally stronger lamellar arrange-
ment once a threshold accumulation for an adequate scaffold of woven 
bone has been reached. As development proceeds towards normal, there 
is proportionately less woven bone persisting, greater amounts of 
lamellar bone and progressively more mature tissue deposition. OI bone 
does not reach the fully compacted stage in progressively deforming 
variants but develops variable maturity within the state of partial 
compaction. Although this study did not assess the mildest OI group 
(Sillence type I non-deforming autosomal dominant) lamellar bone from 
that variant has a well-developed osteonal structure approaching full 
compaction. Bone from children with type I OI often appeared normal in 
microstructure and amount (Jones et al., 1999). The histopathology 
relates well with the clinical and radiologic spectrum of the disorder. 

4.1.2. Collagen self-assembly 
Collagen self-assembly occurs on differing hierarchical levels. 

Collagen molecules reach their fibrillar structure by a process referred to 

as self-assembly where positional relationships align based on physico- 
chemical factors rather than biologic cellular direction (Kar et al., 
2006; Gautieri et al., 2012). This process is maintained in OI but the 
collagen molecular mutations eventually affect fibril structure. In 
continuation of the hierarchy of bone formation at the supramolecular 
level, lamellar bone deposition on woven bone also represents an obli-
gate self-assembly phenomenon once a sufficient amount of woven bone 
has been synthesized to serve as a scaffold. Lamellar on woven self- 
assembly is also of a physicochemical nature, not directly related to 
genomic information but clearly responding to the tissue aggregation 
presented. It is universal in bone formation occurring in normal devel-
opmental, repair and pathologic bone formation (Shapiro and Wu, 
2019). 

4.2. Histologic structure of OI bone from previous reports interpreted in 
the woven bone to lamellar bone continuum 

4.2.1. Background: clinical and molecular variability in OI 
We categorize lethal perinatal (type II) and progressively deforming 

patients (type III) using the Sillence classification (Sillence et al., 1979a) 

arrows). Marker = 1.08 μm. 
d. i) MOBL from patient with type III OI shows massively dilated confluent lakes of rough endoplasmic reticulum (dark arrow) and swollen mitochondria with loss of 
definition of cristae (Mito, white arrows). Marker = 1.0 μm; ii) magnified image shows dilated RER (dark arrow) and highly specific bulbous mitochondrial swelling 
(white arrow). Marker = 1.0 μm. 

Fig. 5. (continued). 
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Fig. 6. Transmission electron micrographs 
of the collagenous matrix in OI woven and 
lamellar bone are shown. 
a. i) Fibrils from woven bone in a severe 
type III (OIC B) patient show characteristic 
random fibril orientation. Marker  
= 0.22 μm; ii) Fibrils from lamellar bone in a 
different patient with severe type III 
OI (OIC B) are unidirectional. Marker  
= 0.38 μm. 
b. MOBL (center left) in woven bone tissue 
in a patient with type III OI shows markedly 
dilated RER. The cell is surrounded by 6 
prominent bundles of unidirectional 
collagen fibrils but the bundles are obliquely 
positioned (randomly oriented) to one 
another. Marker = 1.08 μm. ii) Tissue from 
the box region in i) is magnified in ii) to 
highlight the fibrillar bundle random 
orientation. Marker = 1.08 μm. 
c. Fibrils from lamellar bone in two patients 
both with severe type III OI are shown. i) 
Collagen fibrils show unidirectional orien-
tation at right and a clear tendency to 
gradual deviation in direction upwards and 
downwards at left. Marker = 0.45 μm; ii) 
Collagen fibrils with unidirectional pattern 
also tend to a gradual angular deviation. 
The fibrils show the characteristic collagen 
crossbanding at this TEM magnification. 
Marker = 0.19 μm. 
d. i) Orthogonal array of collagen fibril 
deposition in adjacent layers in lamellar 
bone is readily seen at these magnifications. 
Patient had a severe type III OI. 
Marker = 0.76 μm; ii) Collagen fibrils in 
lamellar bone in a severe type III (OIC B) 
patient show unidirection at top and angular 
deviation at bottom. Marker = 0.55 μm. 
e. TEM images are shown from lamellar 
bone in two patients with type III OI. i) 
Unidirectional collagen fibrils are present 
but a gradual angular deviation as great as 
45◦ is seen. Marker = 0.45 μm; ii) A well- 
organized fibrillar weave (herringbone 
pattern) characterizes some sections of 
lamellar bone. Marker = 0.93 μm.   
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but also refer to congenita-tarda terminology incorporated into the 
temporal-radiographic categorization (Shapiro, 1985) to relate to earlier 
reports on bone histopathology. OI was defined as a single entity with 
variable severity referred to as osteogenesis imperfecta congenita and 
tarda; fractures in utero being OI congenita and fractures after birth OI 
tarda (Looser, 1906). Regarding OI tarda, those fracturing between birth 
and one year of age were tarda gravis and those initially after one year of 
age were tarda levis (Seedorff, 1949). The updated congenita (C)/tarda 
(T) approach includes radiographic-functional aspects: OIC A (lethal 
perinatal)—short, broad crumpled femurs and ribs; OIC B (less severe 
congenita variants)—bone shape and structure closer to normal, intra-
uterine fractures but patients generally survive; OIT A—initial fracture 

after birth but before walking; and OIT B—initial fracture after walking 
begins (Shapiro, 1985). Not all patients with intrauterine/birth fractures 
(congenita forms) have lethal disorders. Congenita forms have been 
differentiated based on skeletal radiologic differences (Spranger et al., 
1982). Classification of OI beyond the congenital/tarda outline evolved 
to encompass gene and molecular findings. Sillence et al. developed a 
four-part classification, types I to IV (Sillence et al., 1979a); with 
recognition of different degrees of severity type II lethal perinatal group 
was subcategorized into types A, B and C (Sillence et al., 1984). Addi-
tional subgroups were added to the Sillence system enlarging it from 4 to 
7 (Glorieux et al., 2000a; Glorieux et al., 2002; Ward et al., 2002); more 
groups were added as variants due to mutations in molecules other than 

Fig. 6. (continued). 
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collagen were described leading to as many as 14 types (Van Dijk et al., 
2010; Forlino et al., 2011; Van Dijk and Sillence, 2014). Van Dijk and 
Sillence re-defined Sillence groups I to V as osteogenesis imperfecta 
syndromes, with group V representing the variant defined by inteross-
eous forearm bone calcification and newer gene defect variants were 
placed into the most appropriate group recognizing that these pheno-
typic groups would sometimes be genetically heterogenous (Van Dijk 
and Sillence, 2014). In association with the newer findings, OI is 
increasingly categorized and assessed by molecular mutations. 

4.2.2. Previous illustrations of abnormal structure in OI bone formation 
Histologic studies of OI bone, generally defining affected bones as 

congenita or tarda, commented on paucity of bone, persistence of woven 
bone, hypercellular bone and limited development of lamellar bone. 
Careful examination of the histopathology reports is consistent with the 
woven to lamellar bone developmental pathway even though the find-
ings were not interpreted that way at the time. Several studies outlining 
histopathology of lethal perinatal Sillence II (OIC A) variants illustrate 
accumulations of woven bone alone without progression to lamellar 
bone formation (Michel, 1903; Klotz, 1909; Heinrich Bauer, 1920a; 
Heinrich Bauer, 1920b; Weber, 1930; Jeckeln, 1931; Follis, 1953; Freda 
et al., 1961; Roujeau et al., 1967; Adler and Bollmann, 1973). Van der 
Harten et al. studied pre-natally diagnosed cases by radiology and pa-
thology showing the spectrum of Sillence II A-C variants (van der Harten 
et al., 1988). Less severe but still congenita variants can be classed as 
severe Sillence III (progressively deforming) or OIC B patients. Histo-
pathology of congenita cases that represent both Sillence II/OIC A and 
severe Sillence III/OIC B disorders have been described (Buday, 1895). 
Histopathology report of a child that had fractures at birth and died at 
10 months shows a severe Sillence III (OIC B) variant with lamellar bone 
(Nichols and Lovett, 1906). Reports on OI tarda clearly highlighted 
lamellar bone (with woven bone persisting) in more severe forms and 
lamellar bone only (not fully compacted) in less severe variants. Histo-
pathology illustrations of tarda variants show tissue sections with both 
woven and lamellar bone (Wilton, 1932; Jaffe, 1972; Milgram et al., 
1973); others illustrate tarda variants where lamellar bone either pre-
dominates or is the only type seen (Hagenbach, 1911; Key, 1926; Eng-
feldt et al., 1954; Ramser and Frost, 1966): thin lamellar bone 
collections with poor compaction (Hagenbach, 1911); shortened 
multidirectional lamellae (with what we now describe as a mosaic-type 
appearance) (Key, 1926); and several cases characterized by hyper-
cellular bone tissue with a mixture of woven and lamellar bone or 
lamellar bone only (Robichon and Germain, 1968). 

4.2.3. Subgroups with histopathological findings 
Three additional types of OI (V, VI and VII) were defined based on 

clinical and radiographic findings, histomorphometry and absence of 
type I collagen mutations (Glorieux et al., 2000a; Glorieux et al., 2002; 
Ward et al., 2002). Type V (calcification of the forearm interosseous 
membrane, decreased rotation, hyperplastic callus formation following 
fractures) is included in the expanded Sillence-VanDijk classification 
types I-V (Van Dijk and Sillence, 2014; Lee et al., 2006; Shapiro et al., 
2013). Histologic sections show “fish-scale” or “mesh-like patterns” of 
irregularly arranged lamellar deposition (Glorieux et al., 2000a; Lee 
et al., 2006; Shapiro et al., 2013; Roughley et al., 2003); in these his-
tologic sections what we describe as mosaic patterns of lamellation and 
lamellar deposition on woven cores can be seen. Type VI is distinguished 
histologically by prominent osteoid seams and delayed mineralization 
(Glorieux et al., 2002; Roughley et al., 2003; Homan et al., 2011; Venturi 
et al., 2012; Fratzl-Zelman et al., 2015; Hoyer-Kuhn et al., 2014). Type 
VII OI (with rhizomelia) has normal lamellation by histology (Ward 
et al., 2002). Our cases and those reported over several decades 
demonstrate that the woven bone to increasingly more lamellar con-
tinuum characterizes OI bone from lethal to progressively deforming 
forms as they diminish in severity. 

4.3. Specific changes in OI bone observed at each of the structural levels 
of resolution 

Study at each level of structural resolution has revealed new 
findings. 

4.3.1. Synthesis of short obliquely oriented (mosaic) lamellae in OI bone 
Although lamellar bone forms in OI, in progressively deforming 

variants it is often deposited in a mosaic pattern of short obliquely 
arrayed lamellae at irregular angles to one another (Fig. 1e). This tends 
to be seen where woven bone has been almost completely resorbed and 
partially compacted osteonal formation is underway (Fig. 1f). Recog-
nition of mosaic lamellae has not been made previously in descriptions 
of OI histopathology and would be expected to further weaken structural 
support. The mosaic pattern has been described, however, in the histo-
pathology of Paget’s disease of bone (Freund, 1929; Schmorl, 1932; 
Jaffe, 1933). 

4.3.2. Prominent osteoid seams in type II (OIC A) patient 
Prominent osteoid seams are seen in this study in a type II (OIC A) 

patient (Fig. 1 g i). The tissue layer covering woven bone accumulations 
is deposited by SOBLs aligned in linear array on its surface. Ultrastruc-
ture shows osteoid deposition with parallel collagen fibrils. The finding 
demonstrates SOBLs aligning on a surface of woven bone once it reaches 
a sufficient (currently unknown) extent. There is not true lamellar bone 
formation since osteocytes are not embedded in the matrix. Prominent 
osteoid seams are seen in Type VI OI where the phenotype is milder than 
type II OI (Homan et al., 2011; Venturi et al., 2012; Fratzl-Zelman et al., 
2015; Hoyer-Kuhn et al., 2014). They also occur in types I, III and IV 
although they have not been previously mentioned in type II (Glorieux 
et al., 2002). Osteoid seams are described by HM in OI bone as normal or 
decreased (Wilson et al., 1966; Ste-Marie et al., 1984; McCarthy et al., 
1997; Rauch, 2006). 

4.3.3. Histogenesis shown by polarizing microscopy 
PLM clearly defines woven and lamellar conformations (Fig. 2a-d) 

and should be considered as essential in assessing OI bone. Lamellar OI 
bone has often been described inaccurately as woven using plain LM 
alone based on its increased cellularity. Also, PLM shows that lamellar 
bone is deposited initially as a thin collection on a woven bone scaffold 
when the latter reaches a certain volume. It is synthesized at randomly 
oriented positions within a woven mass that bears no relationship to the 
outer cortex or to the long axis of the bone (Fig. 2b,c). Recognition of the 
position of deposition (Fig. 2b,c) and the presence of mosaic patterns in 
lamellar bone (Fig. 2d) are important to interpret the histopathology of 
the disorder. 

4.3.4. Cellularity of OI and normal woven and lamellar bone specifically 
quantified by histomorphometry 

OI bone is invariably described as hypercellular in histopathologic 
descriptions. We observe woven bone qualitatively to be more cellular 
than lamellar bone in normal and OI groups. Histomorphometry has 
been used in this study to quantify the observation. Two specific indices 
were developed to assess the cellularity of woven and lamellar bone. OI 
bone is hypercellular but we demonstrate that it is the woven bone 
component that is predominantly hypercellular while lamellar bone is 
much less cellular and can approach the levels of normal bone. Unless 
specific efforts are made to distinguish woven from lamellar bone in 
histologic studies, this fact will be overlooked. The index of cellularity 
(cell area/total area × 100) shows all woven bone (normal and OI) to be 
more cellular than all lamellar bone and all OI bone to be more cellular 
than all normal bone (both p < 0.0001) (Fig. 4a,b). With more specific 
assessments, OI woven bone is more cellular than OI lamellar bone 
(p < 0.0001) and normal woven bone is more cellular than normal 
lamellar bone (p < 0.05) (Fig. 4c). When the four latter groups are 
compared, cellularity from high to low is OI woven, normal woven, OI 
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lamellar and normal lamellar. The total area/cell number index in-
dicates the individual pericellular matrix volume or domain character-
istic of each type of bone conformation. The reverse of the previous ratio 
is found with each corresponding total area/cell number assessment; the 
lesser the cellularity per unit area, the greater the pericellular matrix 
domain supported by the central cell (Fig. 4d). 

Standardized HM of iliac crest bone is valuable in assessing normal 
and pathologic bone (Dempster et al., 2013). Normal data for iliac bone 
in growing children have been established (Glorieux et al., 2000b) along 
with the value of the technique in pediatric bone disorders (Rauch, 
2006). Histology studies from human OI patients have almost exclu-
sively used iliac crest bone biopsies since these are readily obtainable 
and unaltered by fracture or deformity (Jones et al., 1999). Iliac bone 
HM in OI has established comparative values in children and adults (Ste- 
Marie et al., 1984), in the four clinical Sillence types (Rauch et al., 
2000), and in Sillence type I adults (McCarthy et al., 1997) as well as 
quantifying the effects of intravenous pamidronate (Rauch et al., 2002). 
Techniques to optimize the evaluation of bone micro-architecture 
continue to be developed (Malhan et al., 2018). The most commonly 
used HM measurements in standardized iliac crest studies assess bone 
thickness and surface events and involve structural, static formation, 
dynamic formation, and static resorption parameters (Rauch, 2006). In 
an early iliac crest HM study of OI bone, hypercellularity and diminished 
matrix synthesis were documented (Falvo and Bullough, 1973). There 
are some limitations to the use of iliac crest bone in OI since it is a non- 
weight bearing bone not significantly affected clinically by fracture or 
deformation. Since long bones in OI are the sites of major clinical 
problems of deformation and frequent fracture, there is considerable 
value in assessing the structure and some HM parameters in diaphyseal 
cortical bone. In this study we establish two parameters to assess 

cellularity and pericellular matrix domains of woven and lamellar bone 
in OI and normal bone. These are important in understanding the 
pathogenesis of OI bone formation since persistence of cortical woven 
bone and failure of normal lamellar bone formation to reach a level of 
complete osteonal Haversian system compaction represent not only the 
histologic hallmark of OI bone but also one of the underlying reasons for 
its weakness. 

The relatively decreased matrix associated with increased cellularity 
in OI bone is also associated with an increased concentration of 

Table 2 
Collagen fiber diameters in OI and normal osteoid.  

OI type* Number of fibers 
measured** 

Diameter of fibers, nm 
(Mean ± SD) 

S II, OIC A 17 48.0 ± 1.8 
14 70.0 ± 4.6  

S II, OIC A 20 50.2 ± 1.3 
18 51.3 ± 1.3  

S III, OIC B 12 66.8 ± 4.2  

S III, OIC B 17 81.9 ± 3.2 
11 82.3 ± 3.5  

S III, OIC B 10 63.1 ± 2.1 
12 72.5 ± 3.0  

S III, OIC B 20 66.9 ± 1.7 
15 67.9 ± 2.2 
17 71.6 ± 2.3  

S III, OIC B 24 58.6 ± 1.7 
17 66.5 ± 2.1 
26 67.5 ± 2.2  

S III, OIT A 10 70.8 ± 2.2 
12 63.8 ± 2.5  

N (4 years old) 20 52.4 ± 1.7 
14 63.3 ± 2.5  

N (6 years old) 20 89.0 ± 2.4 
10 92.9 ± 4.2 
14 100.0 ± 3.0 

Code: * OI TYPE: S = Sillence, OIC A and B = osteogenesis imperfecta congenita 
A and B, and OIT A = osteogenesis imperfecta tarda A (Shapiro); ** Number of 
fibers measured = number of discrete fibers measured in cross-sections from 
newly synthesized peri-cellular (osteoblast) osteoid tissue with crossbanding in 
longitudinal sections from tissue section(s) from one piece of bone. (Where 2 or 3 
separate values per patient are listed, each is from a separate piece of bone.); 
nm = nanometers thick in cross-section; SD = standard deviation; N = normal. 

Table 3 
Histogenesis and structural characteristics of osteogenesis imperfecta bone 
tissue.  

General observations referable to OI bone varying in extent from severe to moderate to 
mild depending on the specific gene mutation 

1. Synthesis of OI bone follows the developmental pattern of normal bone formation 
but is held up at progressively earlier stages dependent on the severity of molecular 
changes impacting collagen synthesis. This is a “shift to the left” with the degree of 
shift dependent on the severity of the molecular effects. 

2. Invariable initial synthesis of woven bone by MOBLs is followed by increasing 
amounts of lamellar bone synthesis by SOBLs on a woven scaffold. Lamellar bone 
increasingly predominates as disease severity lessens. The deposition of lamellar 
bone is an obligate self-assembly phenomenon at the supramolecular level. 

3. Woven bone alone synthesized by MOBLs is seen in lethal perinatal cases. 
Occasionally, even in these variants, SOBLs begin synthesis of parallel fibered 
lamellar tissue (osteoid). 

4. Lamellar bone in moderate variants generally is deposited as shortened, irregularly 
oriented collections leading to a mosaic appearance in long bone cortices. 

5. OI bone tissue is hypercellular due to relatively decreased matrix synthesis; 
however, the woven and lamellar segments in OI bone are hypercellular to differing 
extents both in relation to each other and to normal bone. Hypercellularity of bone 
in OI is due primarily to its woven component although lamellar bone is still more 
cellular than normal lamellar bone. 

6. Polarizing microscopy should be used to distinguish woven from lamellar bone 
especially in fetal, newborn and osteogenesis imperfecta specimens. This prevents 
hypercellular appearing bone being interpreted as invariably woven in 
conformation. 

7. Lamellar bone shows a developmental progression. [Terminology varies, however, 
depending on the level of structural resolution. What are described as parallel fibers 
at the light microscopic level often appear to be, and are more accurately described 
as, not strictly parallel but uni-directional at the ultrastructural level.] As woven 
bone is transformed into lamellar bone, the initial orientation of lamellar fibril 
deposition is dependent on the position of the woven bone scaffold and the adjacent 
blood vessels. The initial deposits are thus often short and oblique rather than 
strictly parallel to the longitudinal bone axis. 

8. As lamellar synthesis predominates, fibril orientation at the ultrastructural level is 
in the twisted plywood / nested arc / herringbone pattern seen in normal bone but 
further complicated by mosaic patterns defined here in OI bone. 

9. Lamellar bone formation moves progressively from rudimentary osteons (with woven 
bone still predominating) to partially compacted osteons (where lamellar tissue 
predominates but woven bone persists with considerable spacing between osteons) 
to fully compacted cortical bone formed completely of densely packed osteons and 
interposed lamellae. 

10. In milder cases, lamellar bone alone is seen but often in decreased amounts with 
decreased compaction and irregular orientation. Fully compacted cortical bone is 
seen only in the mildest OI cases. 

11. In association with the bone tissue underdevelopment described above, both 
cortices and trabeculae show decreased thickness.  

Table 4 
Bone development sequence “left to right”.  

Bone development can be represented (left to right) as proceeding from 
undifferentiated mesenchymal cells ⇒⇒ mesenchymal osteoblasts (MOBLs) synthesizing 
woven bone ⇒⇒ surface osteoblasts (SOBLs) synthesizing lamellar bone in non- 
osteonal parallel array on a woven bone scaffold ⇒⇒ formation of rudimentary osteons 
surrounding vessels within woven bone accumulations ⇒⇒ a preponderance of 
lamellar bone forming arrays of osteons leading to partial compaction ⇒⇒ lamellar 
bone alone composed of more densely compacted (Haversian) osteons progressing 
to full compaction. 

The developmental pattern in OI can be considered (borrowing a term from the 
hematology discipline) as showing a “shift to the left” indicating that a particular 
population of cells and tissue conformation is shifted towards more immature 
precursor patterns. 
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canaliculi as seen in plastic embedded sections heavily stained with 
toluidine blue (Fig. 1g ii). Initial woven bone deposition in bone for-
mation provides an endogenous scaffold along which well-oriented 
lamellar tissue is deposited (Shapiro, 1988; Shapiro, 2008; Shapiro 
and Wu, 2019; Kerschnitzki et al., 2011a). Lamellar bone formation soon 
replaces the woven bone scaffold. The lacunar-canalicular network 
mirrors the extracellular matrix conformation (Shapiro, 1988; Ker-
schnitzki et al., 2011b). Greater lacunar/canalicular volume contributes 
to increased fragility. Carriero et al. investigated cortical bone tissue 
porosity in a mouse model of OI, oim (Carriero et al., 2014). The oim 
bone (compared with a wild type) had more osteocyte lacunae per unit 
volume and more numerous and branched vascular canals, findings 
associated with increased porosity that lead to greater fragility. 

4.4. Ultrastructural findings regarding OI bone cells 

4.4.1. Bone cell ultrastructure 
Assessment of MOBLs, SOBLs and osteocytes of OI bone at the ul-

trastructural level confirms cytoplasmic collections of moderate to 
massive amounts of dilated rough endoplasmic reticulum and prominent 
Golgi bodies with disorganized cisternae (saccules) and swollen, 
dispersed tubules and vesicles (Fig. 5a–c). RER and the Golgi body are 
clearly evident in normal osteoblasts (Makhoul et al., 2019; Klumper-
man, 2011). The swollen distorted appearance of the RER and Golgi 
apparatus in OI cells show that the bone forming cells in OI cannot 
release sufficient amounts of normal collagen into the matrix due to 
production of mutant forms that lead to misfolding and retention of the 
abnormal protein within the organelles where processing occurs. While 
dilated RER is seen in normal active and repair osteoblasts, the extent of 
the markedly dilated RER in all OI bone forming cells indicates accu-
mulation of protein that must subsequently be degraded within the 
organelle or returned to the cytosol for degradation. This finding was 
observed in all 16 patient bone samples assessed by TEM. While isolated 
references have been made to Golgi body abnormalities and mitochon-
drial swelling in OI, this study is the first to demonstrate the nature and 
extent of the structural abnormalities in these organelles at a high level 
of ultrastructural definition (Fig. 5c and d). Mitochondrial swelling is 
seen in OI osteoblasts with massively dilated RER but this is interpreted 
as apoptosis (cell death) rather than as specific for OI. Mitochondrial 
swelling is defined by a specific sequence of ultrastructural appearances; 
the outer membrane ruptures while the inner membrane remains intact, 
bulges through the defect along with the mitochondrial matrix, 
including the cristae, and leads to malformation of the organelle (Sesso 
et al., 2012). 

4.4.2. Relationship of TEM changes to known molecular localization 
The extent and invariable finding of dilated RER defines OI at the 

structural level as a rough endoplasmic reticulum storage disorder 
(endoplasmic reticulum stress). Inclusion of OI in these stress disorders 
has been recognized (Kim and Arvan, 1998; Rutishauser and Spiess, 
2002). Similarly, prominent Golgi bodies with disorganized cisternae 
and swollen tubules and vesicles also defines a Golgi stress disorder due 
to molecular mutations (Kulkarni-Gosavi et al., 2019; Machamer, 2015; 
Di Martino et al., 2019). Since normal intracellular collagen synthesis 
occurs with assembly, folding and passage from the endoplasmic retic-
ulum to the Golgi apparatus (Leblond, 1989; Canty and Kadler, 2005), 
collagen mutations lead to intracellular molecular misfolding and delays 
in processing at both the RER and Golgi stages of synthesis; abnormal-
ities reflected in clear changes of structure at the TEM level. In moderate 
to severe OI, such as in type II and III patients studied here, limited bone 
matrix formation is due to structural abnormalities of the collagen with 
misfolding of the nascent molecules trapping them either in the RER or 
Golgi apparatus and leading to intracellular destruction or slowed 
extrusion of abnormal fibrils into the extracellular matrix negatively 
impacting the amount of fibrillar material, positional orientation of 
adjacent fibrils (self assembly) and mineralization of the fibrils (Gautieri 

et al., 2012; Byers, 2001; Bryan et al., 2011; Gautieri et al., 2009; Bodian 
et al., 2008; Bodian et al., 2009). 

The molecular components mediating the RER stress reaction are 
increasingly known and several mutated molecules causing severe 
recessive forms of OI specifically act in trafficking in the RER and the 
RER membrane (Ishikawa and Bächinger, 2013; Burman et al., 2018; 
Oakes and Papa, 2015). Study of both RER and Golgi apparatus protein 
processing is revealing the molecular aspects of protein transfer (Canty 
and Kadler, 2005; Zhao, 2012; Nabavi et al., 2012). Post-translational 
collagen modifications concentrated in the RER and Golgi apparatus 
associated with molecular mutations causing OI have been summarized 
(Marini et al., 2017; Boudko et al., 2013; Forlino and Marini, 2016; 
Morello, 2018). Several genes have been specifically localized to the ER 
(FKBP10, PLOD2, PPIB, P3H1, CRTAP), the ER Membrane (TMEM38B, 
CREB3L1/OASIS) and the ER-Golgi (MBTPS2, SERPINH1) (Forlino and 
Marini, 2016; Morello, 2018). Examples of mutations in RER/Golgi 
trafficking genes causing OI by interfering with normal collagen syn-
thesis are becoming common along with TEM studies showing associ-
ated dilated RER. Dilated RER is seen in cultured cells from a patient 
with autosomal recessive OI due to mutations in RER protein FKBP65 
(Alanay et al., 2010). Mutations in SEC24D (a transcriptional target of 
OASIS, an endoplasmic reticulum stress transducer and a component of 
the COPII machinery) cause a severe form of syndromic recessive OI 
(Cole-Carpenter syndrome) (Moosa et al., 2015; Zhang et al., 2017). 
COPII proteins are involved with intracellular vesicle initiation, budding 
and transportation cargo proteins forming RER and Golgi apparatus sites 
(Garbes et al., 2015; Zanetti et al., 2012). Electron microscopy of fi-
broblasts from an affected individual with an SEC24D mutation shows 
dilated RER and insufficient ER export of procollagen (Zanetti et al., 
2012). OASIS is encoded by cyclic AMP responsive element binding 
protein 3-like 1 (CREB3L1); monoallelic and biallelic CREB3L1 variants 
cause mild and severe OI respectively (Keller et al., 2018; Symoens et al., 
2013). OASIS mice (− /− ) exhibit osteopenia and abnormally dilated 
RER containing a large amount of bone matrix proteins (Murakami 
et al., 2009). 

4.4.3. Cellular changes in previous TEM OI studies in relation to our 
findings 

Dilated RER in OI bone has been reported in several TEM studies 
(Albright et al., 1975; Doty and Mathews, 1971; Stöss, 1988; Cassella 
et al., 1996; Sarathchandra et al., 2000) (Table 5). It was initially 
interpreted as indicative of active osteoblasts as distinct from a patho-
logic finding. This study shows it to be an invariable finding in OI bone 
cells (Fig. 5a, b). Golgi body abnormalities have been referred to occa-
sionally but not clearly illustrated; we show Golgi bodies to be promi-
nent with internal disorganization characterized by irregular cisternae 
and dispersed dilated tubulovesicular (TV) components (Fig. 5c). 
Mitochondrial swelling in OI osteoblasts was first observed by Stöss 
(Stöss, 1988) and subsequently reported to be present in all OI osteo-
blasts (Sarathchandra et al., 2000); we demonstrate classic mitochon-
drial swelling (Fig. 5d) to be limited to osteoblasts with massively 
dilated RER and interpret the finding as associated with apoptosis. 
Electron dense accumulations are not seen in dilated RER in OI; the 
material is a uniform mildly electron dense homogenous accumulation. 
In many skeletal dysplasias electron dense material is seen as retained 
abnormal collagen attempts assembly while trapped in the RER 
(Table 6). 

4.5. Ultrastructural matrix findings in OI 

4.5.1. Individual collagen fibrils; collagen fibril histomorphometry 
Measurement of fibrils by ultrastructure shows values in the low 

normal range (Table 2). Fibril diameters were smaller in lethal perinatal 
Sillence II patients than in progressively deforming type III patients. 
These findings are consistent with previous descriptions (Table 7). 
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4.5.2. Collagen fibril accumulations 
The large majority of extracellular matrix fibrils appear normal to 

qualitative assessment in OI bone. Abnormal appearances of collagen 
fibers on TEM that characterize some skeletal dysplasias such as fibrillar 
splitting and unraveling, markedly irregular cross-sectional outlines, 
electron-dense deposits on the surface, or abnormal fusion of adjacent 
fibers to form massive accumulations are not seen in OI. On occasion, 
cross-sections show collagen fibrils with markedly differing diameters 
interspersed with one another and there can be slight irregularity from 
circular shapes. 

In woven bone single well-formed fibrils with typical crossbanding 
are positioned in random array and are often densely packed. In lamellar 
regions multiple fibrils are generally aligned in a uni-directional array; 
at the ultrastructural level there is rarely strict parallelism to fibril ac-
cumulations. Other collagen fibrillar orientations in woven and lamellar 
bone are noted, however. In woven bone, there are short bundles of 
closely packed uni-directional fibrils in the extracellular matrix adjacent 
to the MOBL cell membranes that are positioned in oblique directions to 
one another such that in these areas it is not individual fibrils that are in 
random array but rather bundles of unidirectional fibrils that are 
randomly oriented. These bundles would not be seen at light micro-
scopic magnification but would contribute to the isotropic appearance of 
woven bone with polarization. As for fibrils in unidirectional or parallel 
array in lamellar bone, we note examples of orthogonal array with fibrils 
at right angles to one another in adjacent layers although this is not an 
invariable finding. Many fibrillar groups in longitudinal array show 
some of the fibrils to angle away from the main group. Other sections, 
slightly oblique to the longitudinal plane, demonstrate a well-organized 
repetitive interdigitating “herringbone-like” pattern. It has been recog-
nized for several years that, at the ultrastructural level, lamellar bone 
fibrils are not positioned in strict parallel and orthogonal array but, 
rather have a complex twist or rotation along the long axis. Giraud- 
Guille (Giraud-Guille, 1988) demonstrated fibrillar orientation pat-
terns having a “twisted plywood” structure that in oblique sections 
appeared as a series of “nested arcs”. Weiner and colleagues (Weiner 
et al., 1997; Weiner et al., 1999) described the complex fibrillar rotation 
by defining an individual lamellar unit (thick and thin lamellae 
together) to be composed of five sublayers of parallel fibrils each offset 
by 30◦ in one direction (thus rotating from 0◦ to 30◦ to 60◦ to 90◦ to 
120◦). Marotti and colleagues also noted fibrillar changes of direction in 
adjacent layers (frequently offset at 30◦ angulation) but described 
alternating collagen-rich dense lamellae and collagen-poor loose 
lamellae all with interwoven fibrils (to the point that lamellar bone 
could be considered a variety of woven bone) (Marotti et al., 2013). 
Wagermaier et al. also note three-dimensional spiraling of fibrils in a 
helicoidal plywood structure in a regular sequence of 5◦-25◦ (Wager-
maier et al., 2006). Similar examples of spiral twisting patterns of fiber 
orientation in normal lamellar bone have been demonstrated (Reznikov 
et al., 2014; Yamamoto et al., 2012). Our TEM findings in OI woven and 
lamellar bone, therefore, appear similar to normal structure rather than 
pathologic variation but more clearly define and expand on bone matrix 
orientation (Fig. 6 c–e). 

There is a close hierarchical relationship between the three- 
dimensional organization of bone cells in lacunae, their communica-
tion via osteocyte processes in canaliculi, the collagen matrix of bone 
and its mineralization (Shapiro, 1988; Shapiro and Wu, 2019; Reznikov 
et al., 2014; Kerschnitzki et al., 2011b; Carriero et al., 2014; Vanleene 
et al., 2012; Bolger et al., 2019). Histomorphometry, ultrastructure and 
other modalities have been used to assess mineralization of human and 
mouse (oim/oim) OI bone since matrix abnormality has a high likelihood 
of altering mineralization and further contributing to bone fragility 
(Fratzl-Zelman et al., 2015; Fratzl et al., 1996; Boyde et al., 1999; 
Roschger et al., 2008). There is a higher than normal mineralization 
density in iliac crest bone in OI patients in all types and independent of 
specific collagen mutations (Boyde et al., 1999; Roschger et al., 2008). 
Vanleene et al. assessed several parameters in oim mouse bone and 

showed (consistent with study of these variables independently): i) 
increased mineralization, ii) significantly smaller, highly packed and 
disoriented apatite crystals, and iii) lower stiffness due to the poorly 
organized mineral matrix (Vanleene et al., 2012). Scanning electron 
microscopy is valuable for assessing matrix conformation, lamellar bone 
and mineralization (Shah et al., 2019). For studies of matrix confor-
mation, PLM has a spatial resolution in the range of 250 nm, SEM 1 nm 
and TEM 0.1 nm (Georgiadis et al., 2016). 

4.6. Relationship of structural findings to gene/molecular abnormalities 

4.6.1. Recognition of OI as a molecular disorder of collagen 
The molecular structure of collagen (the main component of bone 

matrix) has been defined and the collagen superfamily now includes 28 
types (Canty and Kadler, 2005; Kadler et al., 2007; Ricard-Blum, 2011). 
Shortly after the recognition of type I collagen as the main component of 
bone, ligament, tendon and skin matrices, studies of OI tissue detected 
molecular abnormalities of type I collagen in either COL 1A1 or COL 1A2 
genes. More than 1500 mutations in type I collagen have been found and 
these are considered as the causative factor in 85–90% of OI patients 
(Flier et al., 1992; Kuivaniemi et al., 1991; Marini et al., 2007; Maioli 
et al., 2019). Over the past few years, mutations in other genes related to 
collagen formation, usually to post-translational processing of the 
collagen molecule, have been detected in OI patients; mutations in 18 
genes have been implicated in the disorder (Marini et al., 2017; Boudko 
et al., 2013; Forlino and Marini, 2016; Morello, 2018). Marini et al. 
retained the Sillence I – IV groups but limited them to the COL1A1 and 
COL1A2 mutations with new genes given additional type numbers based 
on the mutation without clinical correlation (Marini et al., 2017). 
Classification of OI is now defined by the molecular mutation and its 
functional defect (impairment of collagen synthesis and structure, 
compromised bone mineralization, abnormal collagen post-translational 
modification, compromised collagen processing and crosslinking, and 
altered osteoblast differentiation and function) (Marini et al., 2017; 
Forlino and Marini, 2016) or based on the cellular location of the 
defective protein (Morello, 2018). While biologically specific regarding 
mutations and their effect on the various phases of collagen molecular 
synthesis, the genetic classifications completely bypass histologic/ 
structural assessments. 

4.6.2. Genotype-phenotype correlations 
Genotype-phenotype correlations have been attempted for several 

decades (Maioli et al., 2019; Byers et al., 1991; Rauch et al., 2009; Ben 
Amor et al., 2013; Li et al., 2019). Byers pointed out the complexity of 
relating molecular findings to clinical severity (Byers, 2001). While 
several generalized findings regarding the effects of types and positions 
of mutations have been made, the relation of molecular defects to 
clinical status is far from definitive. The mildest form of OI, nonde-
forming Sillence type I dominant, is generally caused by quantitative 
defects resulting from nonsense mutations leading to decreased 

Table 5 
TEM studies of OI bone cells.  

⇒ Rib biopsies, OI tarda (Sillence III/IV): markedly dilated endoplasmic reticulum in 
osteoblasts consistent with metabolically active cells (Albright et al., 1975) 

⇒ Cortical bone biopsies assessing lamellar bone, OI Tarda (Sillence III): extensive 
well-developed Golgi complexes containing dense striated material, abnormal RER 
not noted, osteocytes considered normal (Doty and Mathews, 1971) 

⇒ OI bone tissue showing massively dilated rough endoplasmic reticulum in 
osteoblasts, enlarged prominent Golgi collections, mitochondrial granules (Stöss, 
1988) 

⇒ Range of OI types (13 patients): dilated rough endoplasmic reticulum and 
mitochondrial inclusions in bone cells, “persistence of dilated RER in every OI 
patient examined under TEM…(filled with)....amorphous material” (Cassella et al., 
1996) 

⇒ Review of 36 OI bone samples: invariable RER distention and swollen mitochondria 
in all OI osteoblasts (Sarathchandra et al., 2000)  
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production of normal type I collagen molecules by the hap-
loinsufficiency effect; less protein produced but that produced is struc-
turally normal (Ben Amor et al., 2013; Lin et al., 2015; Zhytnik et al., 
2019). Qualitative defects lead to an abnormal collagen molecule and 
are caused by mutations in each of the COL1A1 and COL1A2, post- 
translational and bone synthesis-modifying groups (Marini et al., 
2017; Forlino and Marini, 2016; Morello, 2018). Most of these are 
autosomal recessive and tend to cause moderate to severe to lethal cases 
of OI. For each current syndromal OI grouping II-V and for essentially all 
18 gene mutation groups variability occurs within each specific group 
leading to a range of clinical severity described as mild to moderate or 
moderate to severe and sometimes as widely as mild to lethal. This 
variability leads to difficulty in assessing prognosis, especially when the 
child is young, and can be problematic for families and clinicians 
planning long-term treatment programs. 

4.6.3. Value of structural assessment of bone tissue in OI patients 
Renewed emphasis on structural assessment of bone tissue in OI at 

multiple levels of resolution using LM, PLM, HM, TEM and SEM appears 
warranted especially in view of the variability of the clinical prognosis 
as classification is increasingly based solely on molecular categorization. 
Iliac crest bone tissue is readily obtainable and can be studied with or 
without an associated standardized HM assessment. Diaphyseal tissue is 
available in many moderately to severely involved patients at time of 
surgical osteotomy to correct deformation. 

5. Conclusion 

Assessment and interpretation of bone structure in the context of the 
woven to lamellar bone and the MOBL to SOBL continuum allows for 
recognition of any shift to the left in bone maturation; the effects of gene 
mutations on collagen synthesis are accurately reflected by the stage of 
bone development reached. In addition, much additional information 
regarding OI bone can be gained by further supramolecular study at 
differing levels of structural resolution and in relation to specific molecular 
subtypes such as: the effects of the mosaic lamellar structure on bone 
strength; assessment of woven and lamellar conformations using 
detailed polarization and histomorphometric assessments; more specific 
delineation of organelle abnormalities at RER, Golgi body and mito-
chondrial levels; and ultrastructural assessments of matrix 

conformations in comparison to the normal. Since genotype-phenotype 
correlation is not definitive, interposing histologic/structural analysis to 
allow for a genotype-histopathologic-phenotype correlation would 
greatly enhance biologic understanding of OI and its clinical 
management. 
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