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ABSTRACT Pseudofractures, lucent bands that occur due to a build-up of osteoid, are a key
feature of osteomalacia. In paleopathology, pseudofractures are often marked by small, linear
cracks in the cortex of the bone surrounded by irregular, bony spicule formation. Radiography
can be used to help diagnose pseudofractures, both clinically and in paleopathology. A detailed
understanding of the radiographic appearance of pseudofractures and their development is,
therefore, necessary to aid a diagnosis of vitamin D deficiency. The present study examined the
clinical literature to determine current ideas on the appearance of pseudofractures with the aim of
applying this knowledge to paleopathology. A radiographic study of the characteristics of
pseudofractures was performed on five individuals with clear skeletal features of osteomalacia
from archaeological sites in Canada and the United Kingdom dating to the medieval period (5"
to 15" centuries) and the 19" century. Results show that the radiographic appearance of
pseudofractures could potentially reveal information about the cause of the deficiency and the
chronicity of pseudofractures. This type of information has the potential to further our
understanding of the lived experiences of archaeological individuals with osteomalacia.

1.1 Introduction

Osteomalacia is a type of metabolic bone disease resulting from vitamin D deficiency. The
term is used to describe inadequate mineralisation of osteoid seams during normal bone turnover
(Shore and Poznansky, 1999), so it is found in both juveniles and adults (Brickley and Ives,
2008). Clinically, the term ‘rickets’ is reserved for defects in endochondral mineralisation and so
is limited to individuals who have not undergone physeal closure (Shore and Poznansky, 1999).
Osteomalacia in juveniles is rarely specifically discussed in the paleopathological literature,
despite the fact that such changes lead to the development of bowing deformities (Brickley and
Ives, 2008). Vitamin D deficiency most commonly occurs due to nutritional causes, mainly a
lack of exposure to sunlight in addition to minimal or no dietary supplementation. However, it
can also have genetic or acquired causes (Brickley and Ives, 2008: Table 5.4).

Pseudofractures are a hallmark of osteomalacia. They first appear as lucent bands that can
only be radiographically detected (Berry et al., 2002). Fractures then occur due to stresses on the
poorly mineralized bone and appear as minor cracks in the cortex, which are visible
macroscopically, and may eventually result in a complete fracture (Le May and Blunt, 1949).
The bone is weakened owing to low blood serum levels of phosphorus and calcium, interrupting
bone mineralization during remodeling and resulting in the accumulation of unmineralized
osteoid (Mankin, 1974; Holick, 2007). Pseudofractures can occur at these weakened sites, and as
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fracture healing is impaired, healing may not advance until adequate levels of vitamin D,
calcium, and phosphorus are restored (McKenna et al., 2004). Mineralization of the fracture
callus occurs unevenly and to varying degrees of completeness, resulting in irregular, bony
spicule formation (Bonucci et al., 1969). Previous clinical studies suggest that pseudofractures
occur in individuals with severe osteomalacia (Magilligan and Dulligan, 1952; Chalmers et al.,
1967; Habener and Mahaffey, 1978). These fractures can take around six months to fully develop
and can be present for a number of years (Le May and Blunt, 1949; Chalmers et al., 1967; Berry
et al., 2002). Pseudofractures have been reported in infants and older children (Keller and
Barnes, 2008; Shore and Chesney, 2013), however, most clinical studies focus on
pseudofractures in adults with osteomalacia.

It is important to note that there is a current debate in the clinical literature surrounding
whether the term ‘pseudofracture’ is a suitable term for pathological osteomalacic lesions
(McKenna et al., 1987; McKenna et al., 2014). These lesions have also been termed Looser’s
zones and, less commonly, Milkman’s fractures, named after researchers who identified them,
but all refer to the same pathological lesions. The term ‘pseudofracture’ has been kept in this
paper as it is still commonly used in both clinical and paleopathological papers.

Pseudofractures can be subtle and are often easily overlooked in both clinical and
paleopathological work (Aufranc et al., 1964; Reginato et al., 1999; Berry et al., 2002; McKenna
et al., 2014). In paleopathology, this type of fracture offers a key means of suggesting a diagnosis
of osteomalacia (Brickley and Ives, 2008; Ives and Brickley, 2014). The aim of this article is to
evaluate the radiological features of pseudofractures and explore the biological underpinnings
that may affect their appearance radiographically. In particular, consideration is given to how the
cause of the deficiency, as well as the chronicity of the pseudofracture, can modify
mineralisation and callus formation, which affect the pseudofracture’s appearance on x-ray. This
article also aims to evaluate how information from the radiological assessment of
pseudofractures in paleopathology can contribute to our understanding of the lived experience of
individuals with osteomalacia.

1.2 Materials and Methods

Five individuals with clear skeletal evidence of osteomalacia from England and Canada,
dating from the Medieval period to the 19" century, were investigated (Table 1). These five
individuals were each found to have multiple, macroscopically visible pseudofractures.
Pseudofractures were diagnosed based on characteristic features; multiple, symmetrical, small,
and often incomplete fractures perpendicular to the bone cortex with irregular, bony spicule and
woven bone callus formation found at key sites, such as the ribs, scapula, os coxae, clavicle, and
femur (Ives and Brickley, 2014; Parfitt, 1998). Forty-six fractures were selected and
radiographed and then assessed based on their appearance on x-ray. Radiographic literature
describes pseudofractures as linear, radiolucent bands perpendicular to bone cortex (Berry et al.,
2002; Brickley and lves, 2008). Chronic pseudofractures have calluses that are typically thinner
than non-pathological fractures, but tend to be denser and better defined, appearing as thin
extracortical crescents of radiodensity (the term ‘condensation’ is sometimes used to describe



these crescents, however, there is no clear definition for this term) (Edeiken and Schneeberg,
1943; Nowell et al., 1951; Berry et al., 2002).

Pseudofractures from St. Martin’s, Birmingham, UK, have been previously reported
(Brickley et al., 2006; Brickley et al., 2007). Three rib fragments with pseudofractures had been
retained from reburial for histological analysis and were x-rayed as part of this study. The x-rays
of the remaining pseudofractures, made at the time of the original investigation, were re-
evaluated.

Age and sex were assessed following standards outlined in Buikstra and Ubelaker (1994).
Digital, industrial x-ray machines were used to obtain radiographs of each of the
pseudofractures. Digital, industrial machines produce higher quality images than clinical
radiographs. The images can be readily manipulated to improve brightness, contrast, and
magnification, and are therefore suited to diagnosing lesions (Buckberry and O’Connor, 2007).
Local settings for exposure and kV level were used based on the size and density of the skeletal
element examined. Where possible, fracture lines, which usually occur perpendicular to the
involved cortical bone, were oriented parallel to the x-ray imaging plate.

Table 1
The collection, date, number of pseudofractures evaluated, and x-ray equipment used for each of
the five individuals in this study.

Individual SMB 601 SMB 135 HK 32 PAT 7A2 54 PAT 7A2 57

Collection St. Martin’s St. Martin’s Hickleton, Pointe-aux- Pointe-aux-
Cemetery, Cemetery, South Trembles, Trembles,
Birmingham, Birmingham, Yorkshire, UK!  Montreal, Montreal,
UK* UK! Canada? Canada?

Date 18th-19t 18th-19th Medieval to 18t-19t 18th-19t

century, urban

century, urban

post-medieval,
rural

century, urban

century, urban

Age at Death Adult (exactage Adult (exactage Young Adult Old Adult (50+)  Young Adult
undetermined) undetermined) (20-34) (20-34)
Sex Male Female Female Probable Male Probable Male
Number of 14 4 17 7 4
Pseudofractures
X-Ray Golden Golden Faxitron source ~ Golden Golden
Equipment Engineering Engineering and Fujifilm Engineering Engineering
XR200 source XR200 source Dynamix HR2 XR200 source XR200 source
and FlashX Pro  and FlashX Pro  CR unit, and FlashX Pro  and FlashX Pro
Digital Detector  Digital Detector  University of Digital Detector  Digital Detector
Array, Array, Bradford Avrray, Array,
McMaster McMaster University of University of
University / University / Montreal Montreal
Kodak Kodak
Industrex Industrex
Ready-pack Ready-pack
Mammogram Mammogram
Film, English Film, English

Heritage Centre
for Archaeology

Heritage Centre
for Archaeology



kv Ribs: 50-55kV Rib: 50kV Ribs: 50kV Ribs: 50 kV Ribs: 50kV

Scapula, Vertebra: 70kV  Scapula: 90 kV
clavicle: 65kV Os coxae,
scapula,
clavicle: 90 kv
Exposure Time  10-18 seconds 10-18 seconds 90 seconds 10 seconds 10 seconds

ICase of osteomalacia previously diagnosed based on macroscopic features diagnostic of the disease.
2Case of osteomalacia diagnosed during the course of this study based on macroscopic and radiographic features
diagnostic of the disease.

1.3 Results

Forty-eight pseudofractures were identified macroscopically ranging from thin cracks in
the bone cortex to those with substantial callus formation. Forty-one of the pseudofractures had
callus formation that was visible macroscopically. Thirty of the calluses were visible
radiographically, suggesting some of the calluses present were insufficiently mineralised and
therefore not visible as sclerotic areas on the radiographs. The macroscopic appearance did not
relate to the radiological appearance. The results are summarized in Table 2. As radiological
procedures were controlled (see Section 1.2), it is likely that the amount of callus and its degree
of mineralization had the greatest influence upon the appearance of a callus radiographically (see
Section 1.4).

Table 2
The number of pseudofracture calluses visible on x-ray, arranged by individual and bone
element.

Individual  Site Rib Scapulae  Vertebrae Os Coxae Clavicle Total
pseudo-
fractures
with callus

SMB 601 St. Martin’s 7/14 - — — o 7/14

Cemetery,
Birmingham
SMB 135  St.Martin’s  0/1 212 --- --- 1/1 3/4
Cemetery,
Birmingham
HK 32 Hickleton, 9/10 3/4 0/1 0/3 0/1 12/19
South
Yorkshire
PAT 7A2 Pointe-aux-  6/6 01 6/7
54 Trembles,
Montreal
PAT 7A2 Pointe-aux- 2/4 2/4
57 Trembles,
Montreal

Total 24/35 5/7 0/1 0/3 172 30/48




1.4 Discussion

There has been recent criticism that the biological underpinnings of lesions need to be
explored in paleopathological research (Mays, 2018). Therefore, this section considers the bone
mechanics that affect callus formation and degree of mineralisation in pseudofractures, which
will influence whether a callus is visible radiographically. Examination of the clinical literature
reveals that these factors may relate to the underlying cause of the deficiency and/or the
chronicity of the pseudofractures under study, and are discussed below. Finally, cause of
deficiency and chronicity are considered in the pseudofractures investigated here with the aim of
understanding the lived experience of individuals with osteomalacia.

Cause of vitamin D deficiency

Without adequate vitamin D, only 10% to 15% of dietary calcium and 60% of
phosphorus are absorbed, leading to diminished mineralization and increasing the risk of fracture
(Holick, 2007). Studies of the structure of osteomalacic bone suggest that less osteoid is
mineralized as osteomalacia advances, with no osteoid mineralization occurring in the most
advanced cases (Parfitt, 2005). In nutritional deficiencies, the amount of osteoid relative to bone
has been found to be between two and ten percent, with severity fluctuating seasonally as
vitamin D is intermittently obtained from exposure of the skin to sunlight at times that would
permit its synthesis (Priemel et al., 2010). One histological study that specifically looked at
individuals with nutritional deficiencies found that advanced bone formation can occur, although
it does so irregularly and slowly (Bonucci et al., 1969). Patients in the Bonucci (1969) study all
presented with pseudofractures and the presence of woven bone was identified. The
pathophysiology associated with nutritional vitamin D deficiency is one of irregular, delayed
mineralization, which fits with what is seen macroscopically in paleopathological cases of
pseudofractures, and what is seen on the radiographs in this study and other clinical studies (see
Fig. 1).

There is evidence that a lesser degree of mineralisation occurs in genetic cases of vitamin
D deficiency, mainly from histological studies. For example, dentin mineralization occurs
through similar processes to bone mineralization and is therefore equally susceptible to the
effects of vitamin D deficiency. One study of interglobular dentin, which is present in cases of
vitamin D deficiency when dentin fails to properly mineralize, showed that individuals with
genetic deficiencies have more severely delayed and inhibited dentin mineralization, even after
several decades (Foster et al., 2014). Similarly, a study conducted on mice revealed that less
bone is mineralized in genetic cases when compared to nutritional osteomalacia (Faibish and
Boskey, 2005). Finally, the amount of osteoid relative to bone in genetic forms of osteomalacia
IS over ten percent, compared to two to ten percent in nutritional cases (Parfitt, 2005). However,
parsing apart the difference in the radiographic appearance of pseudofractures caused by
nutritional versus inherited/acquired deficiencies in the modern radiographic literature is
complicated by the fact that, with the exception of case studies, many studies do not separate out
the cause of the deficiency (e.g. Cakur et al., 2012; Fogelman and Carr, 1980; Reginato et al.,
1999).

It is important to note that while pseudofractures are frequently reported in clinical cases
of osteomalacia, the development of calluses in pseudofractures are debated, particularly in the



radiographic literature. As discussed above, there is histological evidence that mineralisation and
advanced bone formation can occur in cases of nutritional deficiencies. However, radiological
papers offer divergent opinions on whether callus are present on x-ray prior to treatment (see
Table 3). It is possible that the presence of a callus on x-ray again results from the cause of the
deficiency or its severity. The cases where no callus formation is reported mostly come from
very early radiographic studies on pseudofractures, particularly Milkman (1930; 1934), who
characterized them by an absence of callus, even upon treatment with vitamin D therapy.
However, vitamin D resistance and gastrointestinal function were never considered (Magilligan
and Dulligan, 1952). It is possible that the patient Milkman saw had a genetic deficiency, but his
characterization of all pseudofractures as having no callus has informed other work.
Radiographic studies that claim an absence of callus formation is characteristic of
pseudofractures also do not provide any pathophysiological reason as to why a complete lack of
callus mineralization would occur in the case of nutritional deficiencies.

Alternately, the discrepancy in the visibility of a callus in radiological research may be an
artifact of radiographical equipment and procedure. Studies that do not detect the presence of a
callus are older (Table 3). Clinical x-rays are designed to minimize exposure in living patients,
resulting in lower quality images, often of lower resolution, than those that can be taken using
industrial machines, which are often used in paleopathology (Buckberry and O’Connor, 2007).
The older studies also used film x-rays, which may have had lower resolution than modern,
digital machines, such as those used in this study (Buckberry and O’Connor, 2007). It is possible
that paleopathological studies that utilise industrial radiography are better positioned to diagnose
radiographic features of pseudofractures than clinical studies due to the greater dynamic range of
the resultant images, but further work would be required to evaluate differences in observable
features with approaches and equipment used through time.

Table 3
Radiographic studies discussing the presence of calluses in pseudofractures.
Study Type of Vitamin D Deficiency Presence of
Nutritional ~ Genetic Unknown  Callus on
X-ray

Nowell et al., 1951
Simpson et al., 1973
Chadha et al., 2001
Lee & Lashari, 2007
Edeiken & Schneeberg, 1943 v
Milkman, 1934 4
Le May & Blunt, 1949 4
Rose, 1956 v
Nutritional refers to a deficiency of vitamin D caused by lack of sunlight and adequate dietary supplementation,
while genetic refers to inherited conditions. Unknown means the underlying cause was not specified or the paper
was published prior to an understanding of these conditions. Callus indicates callus was reported prior to medical
intervention. For types of vitamin D deficiency, v' = presence of a nutritional, genetic or unknown deficiency. For
presence of a callus on x-ray, v’ = present, while x = absent.
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Chronicity of the pseudofracture
The chronicity of a pseudofracture is another factor that affects the degree of callus
formation that may be visible radiographically. Nowell et al. (1951) describe pseudofracture



stages of development, where the appearance of a callus occurs at a later stage in development
when the infraction has nearly extended across the bone. Berry et al. (2002) also note that bands
of radiodensity, indicating new bone formation on x-ray, are indicative of chronicity. Figure 1
shows the development of a pseudofracture taking place over the course of six months, which
corresponds with other clinical findings on the length of time required for pseudofractures to
fully develop (Chalmers et al., 1967; Simpson et al., 1973). Pseudofractures without
radiographically visible calluses may have occurred more recently than those with well-
established calluses. In the case of a nutritional deficiency with multiple pseudofractures, it is
likely that at least one should have a fully developed appearance (Nowell et al., 1951).
Therefore, if no calluses are present radiographically, despite the presence of multiple
pseudofractures, this could be an indication that the cause of the deficiency is genetic or
acquired. Caution should be taken as it is not entirely implausible that calluses would have
developed given more time. However, it may be possible to further test whether a deficiency is
genetic by incorporating studies of interglobular dentin (D’Ortenzio et al., 2017) or, potentially,
ancient DNA.




Fig. 1. Pseudofractures in a living patient with osteomalacia. (A) A pseudofracture is visible in the medial aspect
of the proximal femur. Note condensation of bone along the borders of the pseudofracture, indicating chronicity. (B)
No pseudofracture was initially reported in this radiograph, however, Berry et al. (2004) point out that an
interruption in the continuity of the medial bone cortex of the femoral neck is just visible. (C) This shows the
presence of a pseudofracture in a radiograph taken 6 months after the radiograph shown in (B), where no
pseudofracture was reported. Figures reprinted from Berry et al. (2002: Fig. 4) with permission from Elsevier.

Lived experience of osteomalacia in the study sample

Having the potential to say something about the cause of a deficiency and its chronicity
will provide a greater understanding of the lived experience of individuals with osteomalacia in
the past. Lived experience is a term for a qualitative research approach that seeks to understand
the first-hand experiences of individuals. The presence of calluses in all of the individuals in this
study (see Table 2) suggests they may have had a nutritional deficiency. Preliminary research
presented above suggests that the presence of a callus on x-ray could indicate that a nutritional
deficiency was present in an individual, particularly if there is additional contextual information,
such as evidence of dietary inadequacy, immobilization, or cultural customs around clothing and
sun exposure, which offers further support.

In the case of a single pseudofracture presenting without a callus on x-ray, as is the case
for the rib of SMB 135 (Fig. 2d), it is impossible to know whether a callus would have developed
given time. However, taken with the additional pseudofractures of the scapula and clavicle,
which did display fracture calluses on x-ray, and considering additional contextual information
on 19" century Birmingham (low levels of sunlight, especially in the winter, being filtered
through industrial smog), it is likely that this individual had a chronic, nutritional deficiency.
Each of the individuals had a mix of fracture states; some had a visible callus suggesting chronic
fractures, while others may have been more recent. Figure 2 illustrates the range of
developmental stages of pseudofractures seen in this study. Both PAT 7A2 54 and PAT 7A2 57
had additional healed and delayed union fractures, further suggesting a chronic vitamin D
deficiency. In the clinical literature, individuals found to have pseudofractures often complain of
deep muscle pain, muscle weakness, and disturbance of gait (Edeiken and Schneeberg, 1943).
Nutritional deficiencies can often co-occur and vitamin D deficiency may make individuals
vulnerable to other conditions (Brickley and lves, 2008). These individuals may have continued
to sustain pseudofractures, some of which may have developed into complete fractures with
delayed or non-union, until adequate levels of vitamin D were restored.



Fig. 2. Macroscopic and radiographic views of rib fractures in Hickleton 32 (a and b) and SMB 135 (c and d). a)
Un-united pseudofracture with disorganized callus formation. b) Radiograph indicates a developed pseudofracture,
with condensation of bone along the border of the fracture, indicating chronicity, and callus development. ¢) Un-
united pseudofracture with disorganized, bony spicule formation. d) Radiograph indicates a less developed
pseudofracture, with no difference in radiodensity at the fracture margin.

1.5 Conclusion

Pseudofractures should be x-rayed to allow an assessment of callus mineralisation. Such an
analysis has the potential to reveal information about the chronicity of the pseudofracture. This
could also be used to identify individuals on which further tests could be conducted to
investigate whether their deficiency is genetic or acquired. Caution should be taken when
classifying a deficiency as nutritional. The clinical studies reviewed here suggest that it may be
possible to tease apart nutritional versus genetic cases based on the level of mineralisation, but
there is also disagreement within the clinical literature itself on the radiographic appearance of
pseudofractures. Future research should be conducted to further test the idea that the cause of
deficiency can be distinguished radiographically in skeletal samples, as evidence for this in the
radiographic literature is lacking. Additional information about the lived experience of
individuals with osteomalacia can be gathered through the radiographic assessment of
pseudofractures and used in combination with contextual information from the site.
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