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Abstract

Recently, the combined macroscopic and statistical evaluation of 427 identified pre-
antibiotic era skeletons from the Terry Collection (Washington, DC, USA) revealed
that there is a positive association between tuberculous meningitis (TBM) and four
endocranial alteration types, namely, granular impressions (Gls), abnormal blood ves-
sel impressions (ABVIs), periosteal appositions (PAs), and abnormally pronounced dig-
ital impressions (APDIs). Although all the four lesion types can be used as diagnostic
criteria for TBM in the paleopathological practice, they do not have the same diag-
nostic value. The first aim of the current paper is to further highlight the diagnostic
value of Gls, ABVIs, PAs, and APDIs by calculating and discussing their diagnostic
sensitivity and specificity estimate values, as well as their association with each other
from the 427 identified pre-antibiotic era skeletons of the Terry Collection. The sec-
ond aim is to demonstrate three example cases from the Terry Collection, who
exhibit bony changes on the inner skull surface that are representative of the mac-
romorphological appearance and co-occurrence of Gls, ABVIs, PAs, and APDIs
(in different combinations). Based on the generated sensitivity and specificity esti-
mate values, Gls are sufficient enough on their own to make a definitive diagnosis of
TBM, whereas ABVIs, PAs, and APDIs are not specific to the disease but can be of
tuberculous origin. The 4?2 test results regarding the association of ABVIs, PAs, and
APDIs revealed that their co-occurrence with each other (in any possible combina-
tion) is significantly more common in individuals who died of TB than in those who
died of non-TB causes—it implies that the chance of them being tuberculous in origin
is higher when they simultaneously occur with each other. The three cases demon-
strated in detail in the paper provide paleopathologists with a stronger basis for iden-
tifying TBM in ancient human remains that reveal endocranial alterations resembling

that of the presented cases.
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1 | INTRODUCTION

The paleopathological diagnosis of tuberculosis (TB) essentially relies
on the identification of macroscopic lesions in the human skeleton
that have been found to be associated with different forms of the dis-
ease (e.g., pulmonary TB/TB pleurisy, tuberculous meningitis [TBM],
and skeletal TB) (Mariotti et al., 2015; Santos & Roberts, 2006).
Among these macroscopic bony changes, there are four endocranial
alteration types, that is, granular impressions (Gls) (Figure 1a), abnor-
mal blood vessel impressions (ABVIs) (Figure 1d), periosteal apposi-
tions (PAs) (Figure 1c), and abnormally pronounced digital impressions
(APDIs) (Figure 1b), which have been considered as indicative of TBM
(Schultz, 2001, 2003; Spekker, 2018; Spekker, Hunt, et al., 2020;
Spekker, Schultz, et al., 2020; Spekker et al., 2021). The most impor-
tant information regarding the four aforementioned lesion types
(i.e., macromorphology, common localizations, pathophysiology, and
associated etiologies) is summarized in Table 1.

Although Gls, ABVIs, PAs, and APDIs were used as diagnostic
criteria for TBM in a number of paleopathological studies on
osteoarchaeological series (e.g., Abegg et al., 2020; Jankauskas, 1999;
Lei et al., 2019; Teschler-Nicola et al., 2015) since the late 20th

FIGURE 1 Close-up of the four different
endocranial alteration types indicative of
tuberculous meningitis (white arrows): (a) Gls
(Terry No. 522, 30-year-old, male, died of
pulmonary TB), (b) APDIs (Terry No. 466, 31-year-
old, male, died of pulmonary TB), (c) PAs (Terry
No. 1300, 28-year-old, male, died of TB), and

(d) ABVIs (Terry No. 329, 18-year-old, male, died
of pulmonary TB) [Colour figure can be viewed at
wileyonlinelibrary.com]

century, their diagnostic value has been questioned (Janovic
et al., 2015; Lewis, 2004; Roberts et al., 2009). As part of a compre-
hensive research project (Spekker, 2018), 427 human pre-antibiotic
era skeletons from the Robert J. Terry Anatomical Skeletal Collection
(Department of Anthropology, National Museum of Natural History,
Smithsonian Institution, Washington, DC, USA) were analyzed to eval-
uate the diagnostic value of the four endocranial alteration types
indicative of TBM (i.e., Gls, ABVIs, PAs, and APDIs)—234 individuals
who died of TB (TB group) and 193 individuals who died of non-TB
causes (NTB group) (Table S1).

The findings revealed some differences in the frequency of Gls,
ABVIs, PAs, and APDIs, as well as their co-occurrence with each other
and with non-endocranial bony changes likely associated with TB,

especially in consideration of the cause of death of individuals. The

generated frequency data are briefly summarized in Table 2 (see in
detail in Spekker, 2018; Spekker, Hunt, et al., 2020; Spekker, Schultz,
et al., 2020; Spekker et al., 2021). A total of 62.06% (265/427) of the
analyzed individuals exhibited at least one endocranial alteration type,
with APDIs being the most frequently registered (216/427, 50.59%),
and Gls, ABVIs, and PAs occurring in similar proportions (74/427,
17.33%; 62/427, 14.52%; and 67/427, 15.69%, respectively)
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TABLE 1

Lesion type

Granular impressions
(Gls)

(Schultz, 1999, 2001,
2003; Schultz &
Schmidt-Schultz, 2015;
Spekker, Schultz,
et al., 2020)

Abnormal blood vessel
impressions (ABVIs)

(Schultz, 1993, 2001,
2003; Spekker, Hunt,
et al., 2020)

Periosteal appositions
(PAs)

(Schultz, 1993, 2001,
2003; Spekker, Hunt,
et al., 2020)

Abnormally pronounced
digital impressions
(APDIs)

(Schuller, 1940-1941; du
Boulay, 1956;
Burkhardt &

Fischer, 1970;

Bell, 1978;

Schultz, 1993, 2001,
2003; Mahomed

et al., 2012; Paul
etal., 2013, 2014;
Desai et al., 2014;
Pemmaiah, 2015;
Spekker et al., 2021)

Macromorphology

Small (0.5-1.0 mm in
diameter), relatively
shallow (less than
0.5 mm in depth),
roundish impressions
with smooth margins and
walls that generally
appear as isolated or
confluent lesions
grouped in clusters on
the endocranial surface

Small, patch-like areas of
very short, sinuous,
branching blood vessel
impressions on the
endocranial surface—the
aggregation of ABVIs can
become extensive and
net-like over time

Hemorrhagic meningeal
process: appositions of
newly formed bone with
a fibrous, porous,
irregular, scab-like
appearance—PAs can
have a very smooth,
more mature appearance
over time Inflammatory
meningeal process: small,
flat, plate-like
appositions of newly
built bone—the isolated
plates of PAs can
become confluent as one
or more layers, their
contours become
indistinct, and their
plate-like character will
be lost over time

Abnormally pronounced
endocranial depressions,
resembling finger
imprints, that correspond
to the cerebral gyri and
are incompletely
separated from each
other by bony ridges of
different sizes that match
in their position to the
cerebral sulci

Endocranial alteration types indicative of TBM

Common localizations

Orbital part of the frontal
bone, greater wings of
the sphenoid bone, and
squamous part of the
occipital and temporal
bones

Most protruding parts of
the frontal and parietal
bones, and along the
sulci of the dural venous
sinuses (particularly
along the sulci of the
sagittal and transverse
sinuses)

Most protruding parts of
the frontal and parietal
bones, and along the
sulci of the dural venous
sinuses (particularly
along the sulci of the
sagittal and transverse
sinuses)

Very slight stage: skullcap—

squamous part of the
frontal bone slight stage:
skullcap—parietal bones
and squamous part of
the frontal bone
pronounced stage: all
over the skullcap and
skull base

Pathophysiology

Can be established by
pressure atrophy of the
tubercles formed on the
outermost meningeal
layer during later stages
of TBM

Can develop secondary to
the formation of an
epidural hematoma

Can be the result of the
hemorrhagic and/or
inflammatory processes
of the meninges (the
inflammatory,
hemorrhagic, and mixed
forms of PAs can be
confused by macroscopic
examinations only, but
can be differentiated by
microscopic
investigations)

Can develop secondary to a
prolonged rise in the
intracranial pressure—the
localized pressure
exerted by the brain and
its pulsating blood
vessels on the underlying
endocranial surface
induces pressure atrophy
of the bone

Associated etiologies

TBM

e.g., TBM, bacterial
meningitis, trauma, and
scurvy

e.g., TBM, bacterial
meningitis, trauma, and
scurvy

e.g., TBM and other
central nervous system
infections, trauma, brain
tumors, and
hemorrhages

(Spekker, 2018). The co-occurrence of at least two of the aforemen-
alteration types was in  26.00%
(111/427) of the examined individuals, with two-thirds of the skele-
tons presenting two lesion types (72/111, 64.86%) (Spekker, 2018).

tioned endocranial recorded

Of the 265 individuals that exhibited at least one endocranial alter-
ation type indicative of TBM, about two thirds (167/265, 63.02%)
revealed non-endocranial bony changes probably related to TB, such

as periosteal new bone formations (PNBFs) on the visceral surface of
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TABLE 2 Sensitivity and specificity estimate values for Gls, ABVIs, PAs, and APDIs
Gls (Spekker, Schultz, ABViIs (Spekker, Hunt, PAs (Spekker, Hunt,
et al., 2020) et al., 2020) et al., 2020) APDIs (Spekker et al., 2021)
Terry collection TB group NTB group TB group NTB group TB group NTB group TB group NTB group
(N = 427) (Nrg =234) (NNt =193) (Nyg=234) (NNt =193) (Nyg=234) (Nnre=193) (Nyg=234) (Nnrs=193)
Number of 68 (i.e., TP) 6 (i.e., FP) 50 (i.e., TP) 12 (i.e., FP) 47 (i.e., TP) 20 (i.e., FP) 154 62 (i.e., FP)
individuals (i.e., TP)
affected by the
lesions
Number of 166 187 (i.e., TN) 184 181 (i.e., TN) 187 173 (i.e., TN) 80 (i.e., FN) 131 (i.e., TN)
individuals not (i.e., FN) (i.e., FN) (i.e., FN)
affected by the
lesions
Sensitivity (TP/Ntg) 68/234 = 0.2906 (29.06%) 50/234 = 0.2137 (21.37%) 47/234 = 0.2009 (20.09%) 154/234 = 0.6581 (65.81%)
1 — Sensitivity 0.7094 (70.94%) 0.7863 (78.63%) 0.7991 (79.91%) 0.3419 (34.19%)
Specificity 187/193 = 0.9689 (96.89%) 181/193 = 0.9378 (93.78%) 173/193 = 0.8964 (89.64%) 131/193 = 0.6788 (67.88%)
(TN/Nnrg)
1 — Specificity 0.0311 (3.11%) 0.0622 (6.22%) 0.1036 (10.36%) 0.3212 (32.12%)
Sensitivity + 0.7405 0.8485 0.9027 1.3369
specificity

Note: Results regarding APDIs were already published in Spekker et al. (2021).

Abbreviations: FN, false negatives; FP, false positives; TP, true positives; TN, true negatives.

the ribs (117/265, 44.15%) and signs of hypervascularization on the
anterior and/or lateral aspects of the vertebral bodies (115/265;
43.40%) (Spekker, 2018). Two thirds of the skeletons with at least
one endocranial alteration type indicative of TBM (106/167, 63.47%)
simultaneously presented at least two different non-endocranial
lesion types (Spekker, 2018).

The frequency of Gls, ABVIs, PAs, and APDIs, as well as their co-
occurrence with each other and with non-endocranial bony changes
likely associated with TB, was higher in the TB group when compared
with the NTB group. APDIs and PAs occurred about twice as often
(65.81% [154/234] vs. 32.12% [62/193] and 20.09% [47/234]
vs. 10.36% [20/193], respectively), whereas ABVIs and Gls occurred
about three and a half times (21.37% [50/234] vs. 6.22% [12/193])
and 10 times (29.06% [68/234] vs. 3.11% [6/193]) often, respectively
(Table 2) (Spekker, 2018; Spekker, Hunt, et al., 2020; Spekker, Schultz,
et al., 2020; Spekker et al., 2021). In addition, the co-occurrence of at
least two of the aforementioned endocranial alteration types was
about five times more common in the TB group (41.03% [96/234]
vs. 7.77% [15/193]), with 58 (60.42%), 34 (35.41%), and four (4.17%)
individuals exhibiting two, three, and four lesion types, respectively
(Spekker, 2018). In the NTB group, two endocranial alteration
types were concurrently present in the majority of the skeletons
(14/15, 93.33%)—only one individual revealed three lesion types
(Spekker, 2018). Finally, the co-occurrence of at least one endocranial
alteration type and at least one non-endocranial alteration type was
about three times more common in the TB group (80.11% [145/181]
vs. 26.19% [22/84]), with 61.33% (111/181) of the skeletons

exhibiting costal PNBFs and 56.35% (102/181) of the skeletons pre-
senting signs of vertebral hypervascularization (Spekker, 2018).

The ;(2 analysis of the frequency data revealed that Gls, ABVIs,
PAs, and APDIs were significantly more common in the TB group than
in the NTB group (Spekker, 2018; Spekker, Hunt, et al., 2020;
Spekker, Schultz, et al., 2020; Spekker et al., 2021). These results
imply that there is a positive association between TB and the four
examined endocranial alteration types; thus, all of them can be used
as diagnostic criteria for the disease in the paleopathological practice.
However, based on our findings (Spekker, 2018; Spekker, Hunt,
et al., 2020; Spekker, Schultz, et al., 2020; Spekker et al., 2021), it also
seems obvious that Gls, ABVIs, PAs, and APDIs do not have the same
diagnostic value in the identification of TB in ancient human remains.
The diagnostic efficacy of each aforementioned lesion type (i.e., the
ability of them to separate individuals who have TB from those who
do not have the disease) can be expressed by two diagnostic probabil-
ity measures, namely sensitivity (i.e., the probability of presenting Gls,
ABVIs, PAs, or APDIs given that the individual actually suffered from
TB) and specificity (i.e., the probability of not having Gls, ABVIs,
PAs, or APDIs given that the individual did not suffer from TB)
(Boldsen, 2001; Dangvard Pedersen et al., 2019; Milner &
Boldsen, 2017).

In a previous study, Spekker et al. (2021) revealed that the sensi-
tivity of APDIs (i.e., 0.6581) is more than one minus the specificity of
APDiIs (i.e., 0.3212) (Table 2). Similar to the ;(2 test results, it indicates
that there is a positive association between APDIs and TB (Spekker

et al., 2021). It also means that the probability of having this
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endocranial alteration type is higher in individuals with TB than in
those without the disease but does not imply that the majority of indi-
viduals with APDIs actually suffer from TB (Spekker et al., 2021).
Based on the rather high sensitivity estimate value (i.e., 0.6581),
APDIs are suitable for screening purposes even if not all TB cases can
be recognized with their application as diagnostic criteria (Spekker
et al., 2021). It also seems obvious that based on the rather low speci-
ficity estimate value (i.e., 0.6788), APDIs are not sufficient on their
own to make a definitive diagnosis of TB, as this lesion type is not
specific to the disease (Spekker et al., 2021). These results are not sur-
prising if we consider that APDIs can develop only in case of menin-
geal involvement, which is not present in all patients with TB, and
besides TBM, numerous medical conditions, for example, trauma,
brain tumors, and hemorrhages, can result in the formation of APDIs
on the inner skull surface (Myers, 2007; Paul et al., 2013, 2014).

Taking into account our previous findings, the main aim of the
current paper is to further highlight the diagnostic value of the four
endocranial alteration types indicative of TBM (i.e., Gls, ABVIs, PAs,
and APDIs) by calculating and discussing the diagnostic sensitivity and
specificity estimate values of Gls, ABVIs, and PAs (as stated above,
these diagnostic probability measures for APDIs were already
presented in detail in Spekker et al., 2021), as well as the association
of the four endocranial alteration types with each other, using the
frequency data of our previously published studies (Table 2)
(Spekker, 2018; Spekker, Hunt, et al., 2020; Spekker, Schultz,
et al.,, 2020; Spekker et al., 2021).

Similar to the meticulous medical descriptions from the pre-
antibiotic era, detailed documented case studies with TB as the cause
of death from the same time period also provide a unique insight into
the natural history and different manifestations of TB. They help us in
identifying non-pathognomonic bony changes and/or patterns of
lesions that can later be used as diagnostic criteria for TB in the paleo-
pathological practice. Nonetheless, only a few detailed documented
pre-antibiotic era case studies presenting TBM-related endocranial
alterations (e.g., Maczel, 2003; Ortner, 2003; Palfi et al, 2012;
Schultz & Schmidt-Schultz, 2015) have been published in the paleo-
pathological literature until now.

To fulfill this lack, in the current paper, we demonstrate three
example cases from the Terry Collection (i.e., Terry No. 562, Terry
No. 933R, and Terry No. 1159). These three cases exhibit bony
changes on the inner surface of the skull that are representative
of the macromorphological appearance (e.g., localization) and co-
occurrence of Gls, ABVIs, PAs, and APDIs (in different combinations).
Besides the endocranial alterations indicative of TBM, the three
demonstrated cases also present different types of non-endocranial
bony changes that can be related to TB (e.g., costal PNBFs and sings
of vertebral hypervascularization).

2 | MATERIAL AND METHODS

The examined skeletal material, and the applied macromorphological

and statistical methods have been discussed in detail in previous

papers (Spekker, 2018; Spekker, Hunt, et al., 2020; Spekker, Schultz,
et al., 2020; Spekker et al., 2021); therefore, only a brief summary of
this information is presented here. The skeletal material consisted of
427 human pre-antibiotic era skeletons from the Terry Collection:
234 individuals with TB as the cause of death (TB group; 169 males
and 65 females) and 193 individuals with non-TB causes of death
(NTB group; 106 males and 87 females) (Table S1). In both groups, the
selected skeletons were assessed for the presence, macroscopic char-
acteristics, and co-occurrence of different types of endocranial and
non-endocranial bony changes probably related to TB. Following the
macromorphological investigation, absolute and percentage frequen-
cies of Gls, ABVIs, PAs, and APDIs, as well as their co-occurrence with
each other and with non-endocranial skeletal lesions likely associated
with TB were calculated in both the TB group and NTB group, and
then, the significance of difference in the frequencies between the
two groups was determined by y? testing.

In the current study, diagnostic sensitivity and specificity esti-
mate values for Gls, ABVIs, and PAs were generated, using the
MedCalc statistical software package. Furthermore, to determine the
significance of difference in the frequencies of the co-occurrence of
ABVIs, PAs, and APDIs with each other (in any possible combination)
between the TB group and the NTB group, y? testing was under-
taken, using the R statistical software package. Finally, to present
the most characteristic macroscopic features of Gls, ABVIs, PAs, and
APDIs (i.e., localization, extent, number, and prominence), as well as
their co-occurrence with each other (in different combinations),
three cases were selected from the TB group for discussion in detail.
The three demonstrated individuals from the Terry Collection are

the following:

e Terry No. 562: a 17-year-old (1911/1912-1929) female recorded
to have died of pulmonary TB. The skeleton is well-preserved and
complete;

e Terry No. 933R: a 40-year-old (1903-1943) male who probably
died of peritoneal TB without involvement of the lungs. The skele-
ton is well-preserved and complete; and

e Terry No. 1159: a 26-year-old (1911-1937) male whose morgue
record states pulmonary TB as the cause of death. The skeleton is

well-preserved and complete.

3 | RESULTS AND DISCUSSION

3.1 | Diagnostic efficacy

The generated sensitivity and specificity estimate values for the four
endocranial alteration types indicative of TBM can be seen in Table 2.
Similar to the previously published ;(2 test results (Spekker, Hunt,
et al., 2020; Spekker, Schultz, et al., 2020), the calculated sensitivity
and specificity estimate values for Gls, ABVIs, and PAs support that
there is a positive association between the aforementioned lesion
types and TB, as their sensitivity is more than one minus their speci-
ficity (Table 2) (Boldsen, 2001; Dangvard Pedersen et al., 2019). It also
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means that the probability of presenting Gls, ABVIs or PAs is higher in
individuals with TB than in those without TB.

As for the sensitivity estimate values (Table 2), if Gls, ABVIs, or
PAs are present on the inner skull surface, there is a 29.06%, 21.37%
or 20.09% probability of a true TB diagnosis, respectively. On the one
hand, the findings (Table 2) indicate that Gls, ABVIs, and PAs cannot
be used to identify a large number of TB cases due to the rather high
false negative rates (i.e., 0.7094, 0.7863, and 0.7991, respectively);
therefore, these lesion types are not suitable for screening purposes.
In contrast to Gls, ABVIs, and PAs, the sensitivity of APDIs is rather
high (i.e., 0.6581); meaning that with the application of APDlIs as diag-
nostic criteria, quite a large number of individuals with TB can be

recognized (Spekker et al., 2021). Nevertheless, it should not be
expected that any of the four examined endocranial alteration types
could be used to identify all individuals with TB, as they can develop
only in case of meningeal involvement (i.e., TBM) that is a very rare
form of TB, occurring in less than 1% of the active TB cases today
(Myers, 2007).

On the other hand, the results (Table 2) suggest that Gls can be
considered as specific signs of TB due to the extremely low false posi-
tive rate (i.e., 0.0311); consequently, Gls are sufficient enough on their
own to make a definitive diagnosis of TBM. It is not surprising if we
consider that Gls are defined as endocranial impressions established
by pressure atrophy of the tubercles (formed on the outermost

TABLE 3  Results of the 52 tests regarding the co-occurrence of ABVIs, PAs, and APDIs with each other (in all possible combinations)
ABVIs + PAs ABVIs + APDIs PAs + APDlIs ABVIs + PAs + APDlIs
Terry collection TB group NTB group TB group NTB group TB group NTB group TB group NTB group
(N = 427) (Nrg =234) (NNt =193) (Ntg=234) (Nnte=193) (N1g=234) (Nnre=193) (Nrg=234) (Nnts=193)
Number of individuals 24 (10.26%) 2 (1.04%) 36(15.38%) 3 (1.55%) 43(18.38%) 7 (3.63%) 20 (8.55%) 0(0.00%)
affected by the
combination of
lesions
Number of individuals 210 191 198 190 191 186 214 193
not affected by the (89.74%) (98.96%) (84.62%) (98.45%) (81.62%) (96.37%) (91.45%) (100.00%)
combination of
lesions
Results of the y tests ~ 4* = 15.724 22 =24.376 72 =22.255 2% =17.306
df =1 df =1 df =1 df =1
P < 0.001 P < 0.001 P < 0.001 P < 0.001

Note: Individual data were already published in Spekker, Hunt, et al. (2020), Spekker, Schultz, et al. (2020), and Spekker et al. (2021).

TABLE 4

Registered TB-related bony changes in the three skeletons described in detail (+ = present; — = not present)

Registered bony changes
Endocranial alterations

Abnormally pronounced digital
impressions

Abnormal blood vessel impressions

Periosteal appositions

Granular impressions

Nonendocranial alterations

Signs of vertebral
hypervascularization

Periosteal new bone formations on
the visceral rib surface

Signs of diffuse, symmetrical
periostitis

Terry no. 562

+
(frontal & parietals)

+
(frontal, temporals, sphenoid,
& occipital)

+
(T9-12 & L1-5)

+
(left 2nd-é6th ribs)

Terry no. 933R

+
(frontal)

+
(frontal)

+
(frontal, parietals, temporals,
sphenoid, & occipital)

+
(C6-7,T1-12, & L1-2)

+
(right 11th rib)

Terry no. 1159

+
(skullcap & skull base)

+
(frontal, parietals, temporals,
& occipital)

+
(frontal & occipital)

+

(T1-12 & L1-3)

+

(left 2nd-11th ribs)

+

(tibiae, humeri, & right
scapula)
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meningeal layer) that are the hallmark features of TB (Schultz, 1993,
1999, 2001, 2003; Schultz & Schmidt-Schultz, 2015; Spekker, Schultz,
et al., 2020). Although in case of ABVIs and PAs (Table 2), the gener-
ated false positive rates are quite low (i.e., 0.0622 and 0.1036, respec-
tively), they are not sufficient enough on their own to make a
definitive diagnosis of TBM, since besides TBM, other medical condi-
tions can also result in the development of ABVIs and PAs
(Schultz, 1993, 1999, 2001, 2003; Schultz & Schmidt-Schultz, 2015;
Spekker, Hunt, et al., 2020). It should be mentioned that similar to
ABVIs and PAs, APDIs are not specific to TBM (Table 2)—among the
four evaluated endocranial alteration types, APDIs had the lowest

FIGURE 2 Gls (white arrows) on the (a) left side and (b) right side
of the orbital part of the frontal bone, (c) the right greater wing of the
sphenoid bone and the squamous part of the right temporal bone,

(d) the petrous part of the right temporal bone, and (e) the squamous
part of the occipital bone of Terry No. 562 (17-yearold, female,

died of pulmonary TB) [Colour figure can be viewed at
wileyonlinelibrary.com]

specificity estimate value (i.e., 0.6788) (Spekker et al., 2021). Assumed
from the above, the paleopathological diagnosis of TBM cannot be
established based only on the presence of ABVIs, PAs or APDIs on
the inner skull surface.

The 42 test results regarding the association of ABVIs, PAs, and
APDIs (Table 3) revealed that their co-occurrence with each other
(in any possible combination) is significantly more common in individ-
uals who died of TB than in those who died of non-TB causes. This
implies that in cases where these lesions concomitantly occur with
each other, the chance of them being tuberculous in origin is higher
than in cases where they are present alone. Although the co-
occurrence of ABVIs, PAs, and/or APDIs on the endocranial surface
without the simultaneous presence of Gls is still not enough to make
a definitive diagnosis of TBM (as even the co-occurrence of ABVIs,
PAs, and APDIs (in any possible combination) can result from patho-
logical conditions other than TBM), if ABVIs, PAs, and/or APDIs are
concurrently present with Gls on the inner skull surface, their tubercu-
lous origin is very likely.

3.2 | Case studies

3.21 | Terry No.562

On the inner skull surface of Terry No. 562 (17-year-old, female, died
of pulmonary TB), two different endocranial alteration types indicative
of TBM were observed (Table 4). Multifocal Gls were registered on
the orbital part of the frontal bone (Figure 2a,b), on the squamous
(Figure 2c) and petrous (Figure 2d) parts of the right temporal bone,
and on the squamous part of the occipital bone (Figure 2e). In addi-
tion, unifocal Gls were noted on the squamous part of the left

FIGURE 3 APDIs (white arrows) on the left and right parietal
bones and on the squamous part of the frontal bone of Terry

No. 562 (17-year-old, female, died of pulmonary TB) [Colour figure
can be viewed at wileyonlinelibrary.com]
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temporal bone and on the right greater wing of the sphenoid bone
(Figure 2c). In the occipital and right temporal bones, Gls covered
about one-third of the endocranial surfaces; whereas in the frontal,
left temporal, and sphenoid bones, the observed lesions affected only
a small proportion of the inner surfaces. Besides Gls, slightly pro-
nounced APDIs, affecting the left and right parietal bones and the
squamous part of the frontal bone, were recorded (Figure 3).

In the postcranial skeleton of Terry No. 562, the ribs and spine
revealed bony changes that can presumably be attributed to TB
(Table 4). Five left side ribs (2nd-6th) showed slight PNBFs on the
visceral surface of the vertebral and sternal ends. In the vertebral
column, signs of hypervascularization were registered in the form of
circumferential pitting on the lateral aspects of the lower thoracic
(T9-12) and lumbar (L1-5) vertebral bodies.

3.2.2 | Terry No.933R

On the inner skull surface of Terry No. 933R (40-year-old, male, died
of peritoneal TB without involvement of the lungs), three types of
endocranial bony changes probably resulted from TBM were noted
(Table 4). The squamous (Figure 4a,b,d) and orbital (Figure 4c) parts of
the frontal bone, the left and right parietal bones (along the squamous
suture), and the squamous part of the occipital bone (Figure 5c) rev-
ealed multifocal Gls. The squamous part of the left (Figure 5a) and

FIGURE 4 Gls (white arrows), ABVIs
(black arrows), and APDIs on (a) the
squamous part of the frontal bone of
Terry No. 933R (40-year-old, male,
probably died of peritoneal TB without
involvement of the lungs); and Gls (white
arrows) on the frontal bone of Terry

No. 933R (40-year-old, male, probably
died of peritoneal TB without
involvement of the lungs): (b) left side of
the squamous part, (c) orbital part, and
(d) right side of the squamous part
[Colour figure can be viewed at
wileyonlinelibrary.com]

right temporal bones, and the left (Figure 5b) and right greater wings
of the sphenoid bone displayed unifocal Gls. Except for the occipital
bone, the extent of the observed Gls did not exceed one-third of the
endocranial surface on the affected cranial bones. Besides Gls,
multifocal, small, serpentine branching ABVIs were detected on the
squamous part of the frontal bone (Figure 4a), covering about one-
third of the inner surface. Moreover, shallow APDIs were also
recorded on the squamous part of the frontal bone (Figure 4a),
representing the very slight prominence stage.

In the postcranial skeleton of Terry No. 933R, the spine and a
rib exhibited bony changes likely associated with TB (Table 4). The
vertebral column showed signs of hypervascularization in the form
of multiple, circumferential, smooth-walled resorptive pits occasion-
ally connected by horizontal, superficial vascular impressions on the
lateral and anterior aspects of the lower cervical (C6-7) and tho-
racic (T1-12) vertebral bodies, as well as on the lateral aspects of
the upper lumbar (L1-2) vertebral bodies. Furthermore, PNBFs
were noted on the visceral surface of the body of the 11th right
side rib.

323 | Terry No. 1159

On the inner skull surface of Terry No. 1159 (26-year-old, male, died

of pulmonary TB), three types of pathological bony changes indicative
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FIGURE 5 Gls (white arrows) on (a) the
squamous part of the left temporal bone, (b) the
left greater wing of the sphenoid bone, and (c) the
squamous part of the occipital bone of Terry

No. 933R (40-year-old, male, probably died of
peritoneal TB without involvement of the lungs)
[Colour figure can be viewed at
wileyonlinelibrary.com]

of TBM were registered (Table 4). Multifocal Gls were recorded on
the orbital part of the frontal bone (Figure 6) and on the squamous
part of the occipital bone. The observed Gls covered less than one-
fourth of the endocranial surface in both cranial bones affected.
Multifocal, small patches of PAs were detected on the squamous
(Figures 7a and 8b) and orbital (Figures 6 and 8a) parts of the frontal
bone, along the sagittal suture on the left and right parietal bones
(Figures 7c and 8b), and on the squamous part of the temporal
(Figure 7b) and occipital bones. The extent of the observed PAs did
not exceed one-fourth of the affected endocranial surfaces. More-
over, shallow, slightly pronounced APDIs were noted all over the inner
surface of the skullcap (Figure 8a) and skull base (Figure 8b).

Similar to the skull, the postcranial skeleton of Terry No. 1159
also exhibited different types of bony changes that are suggestive of
TB (Table 4). Ten left side ribs (second to 11th) showed very slight
PNBFs on the visceral surface of the vertebral end (second to fourth
and eighth to ninth), body (second to third, sixth, and ninth to 11th),
and sternal end (second to 10th). Besides the ribs, the lateral and pos-
terior surfaces of both tibiae (predominantly the proximal portion of
the shaft), the anterior surface of both humeri (particularly the distal
portion of the shaft), and the supraspinatous fossa of the right scapula
also revealed slight PNBFs. The spine displayed signs of hyper-
vascularization in form of circumferential pitting on the anterior

FIGURE 6

(a) Gls (white arrows) and PAs (black arrows) on the
orbital part of the frontal bone of Terry No. 1159 (26-year-old, male,
died of pulmonary TB); and (b) close-up of Gls (white arrows) and PAs
(black arrows) on the orbital part of the frontal bone of Terry

No. 1159 (26-year-old, male, died of pulmonary TB) [Colour figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 7 PAs (white arrows) on

(a) the squamous part of the frontal bone,
(b) the squamous part of the right
temporal bone, and (c) the left and right
parietal bones (along the sagittal suture)
of Terry No. 1159 (26-year-old, male,
died of pulmonary TB) [Colour figure can
be viewed at wileyonlinelibrary.com]

aspect of the upper thoracic (T1-4) and on the lateral aspects of the
middle and lower thoracic (T5-12), and upper lumbar (L1-3) vertebral
bodies.

In summary, during the macromorphological evaluation of the
three selected skeletons from the Terry Collection, Gls and APDIs
were detected in all of them, whereas ABVIs and PAs were noted in
Terry No. 933R and Terry No. 1159, respectively (Table 4). Although
ABVIs, PAs, and APDIs cannot be considered as pathognomonic
features of TBM, their co-occurrence with Gls strengthens their
tuberculous origin in the three demonstrated cases.

As for the non-endocranial bony changes, costal PNBFs and ver-
tebral hypervascularization were recorded in all the three selected
individuals (Table 4). PNBFs on the visceral rib surface were
associated with pulmonary TB/TB pleurisy following examination of
skeletons of known cause of death from documented anatomical
collections (e.g., Terry Collection and Coimbra Identified Skeletal
Collection), as they occurred more frequently in individuals recorded
to have died of TB than in those identified to have died of non-TB
causes (e.g., Giacon, 2008; Kelley & Micozzi, 1984; Maczel, 2003;
Matos & Santos, 2006; Roberts et al., 1994; Santos & Roberts, 2001,
2006). Pulmonary TB can provoke a localized or generalized inflamma-
tory response on the visceral costal surfaces (i.e., the formation of
PNBFs) by initiating the development of TB pleurisy. Nevertheless,
several pulmonary diseases other than TB, as well as non-pulmonary
ones (e.g., acute lobar pneumonia, bronchiectasis, metastatic carci-
noma, pyogenic osteomyelitis, and actinomycosis), can also stimulate
the formation of PNBFs on the inner surface of ribs (Matos &
Santos, 2006; Roberts et al., 1994; Santos & Roberts, 2001, 2006).

Vertebral hypervascularization, in form of circumferential, multi-

ple, smooth-walled resorptive pits that are often connected by

horizontal, superficial vascular impressions on the anterior and/or lat-

eral aspects of the thoracic and lumbar vertebral bodies, was
described as a probable sign of early-stage skeletal TB in several
paleopathological studies on osteoarchaeological series and docu-
mented anatomical collections (e.g., Baker, 1999; Giacon, 2008;
Maczel, 2003; Mariotti et al., 2015; Ménard, 1888; Pilfi et al., 2012).
Although, similar to costal PNBFs, vertebral hypervascularization can
be of tuberculous origin, it is not specific to the disease.

Besides costal PNBFs and signs of vertebral hypervascularization,
PNBFs were observed on the shaft of several long tubular bones of
Terry No. 1159 (Table 4). Diffuse, bilateral, symmetrical PNBFs pre-
dominantly affecting the distal and periarticular parts of the shaft of
short and/or long tubular bones are characteristic features of hyper-
trophic pulmonary osteopathy (HPO). Although the etiology of HPO is
still unknown, the secondary form of the disease was often associated
with pulmonary TB in both paleopathological and contemporary clini-
cal studies (e.g., Assis et al., 2011; Hershkovitz et al., 2002; Kelly
et al, 1991; Masson et al, 2013; Winland et al, 1997; Yap
et al.,, 2017)—nevertheless, other pulmonary (e.g., lung cancer), as well
as non-pulmonary (e.g., inflammatory bowel disease and cirrhosis)
conditions can also result in the development of HPO.

It should be noted that the aforementioned non-endocranial
alterations registered in the skeleton of Terry No. 562, Terry
No. 933R, and Terry No. 1159 cannot be considered as pathogno-
monic signs of TB. Nonetheless, their co-occurrence with Gls (and the
three other endocranial alteration types indicative of TBM), as well
as the recorded cause of death of the examined individuals
(i.e., pulmonary TB and peritoneal TB) constitute evidence that they
are very likely of tuberculous origin in the three presented cases from

the Terry Collection.
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CONCLUSIONS

The statistical findings of the current paper strengthen the paleo-
pathological diagnostic value of Gls, ABVIs, PAs, and APDIs. Based
on the calculated sensitivity and specificity estimate values, there is a
positive association between TB and the four aforementioned lesion
types; therefore, all of them can be used as paleopathological diag-
nostic criteria for the disease. Gls, which are pathognomonic for
TBM, are sufficient enough on their own to make a definitive diagno-
sis of the disease, whereas ABVIs, PAs, and APDIs are not specific to
TBM but can be of tuberculous origin. Although ABVIs, PAs, and
APDIs (or even their co-occurrence in any possible combination) are
not suitable on their own to identify individual TBM cases in past
human populations, they can still be used as diagnostic criteria for
the disease, especially in paleoepidemiological studies where the
main aim is not to identify individual cases of TB but to estimate the
prevalence of the disease in a given osteoarchaeological series
(Boldsen, 2001; Dangvard Pedersen et al, 2019; Milner &
Boldsen, 2017).

Furthermore, the three example cases from the Terry Collection
(i.e., Terry No. 562, Terry No. 933R, and Terry No. 1159) that were
demonstrated in detail in the current paper provide paleopathologists
with a stronger basis for identifying TBM in ancient human remains
that reveal endocranial alterations resembling that of the presented
cases, as these three skeletons exhibit bony changes on the inner skull
surface that are representative of the macromorphological appearance
(e.g., localization) and co-occurrence of Gls, ABVIs, PAs, and APDIs
(in different combinations). It should be mentioned that the current
study has a major limitation—during the investigations in the Terry
Collection, only macroscopic evaluation could be performed on the
three selected skeletons. Nevertheless, in the future, by applying not
only macromorphological methods but also imaging (e.g., micro-CT)
and/or microscopy (e.g., polarized light microscopy) techniques, we

can get a better insight into the morphological appearance of Gls,

FIGURE 8 APDIs (white arrows) all over the
inner surface of the (a) skullcap and (b) skull base
of Terry No. 1159 (26-year-old, male, died of
pulmonary TB) [Colour figure can be viewed at
wileyonlinelibrary.com]

ABVIs, PAs, and APDIs observed in the three demonstrated cases
from the Terry Collection and further strengthen their supposed

etiology.
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