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ABSTRACT  Previous studies in animal populations have shown that
stunted neural and thymolymphatic growth early in development may result
in permanently impaired neural and immune function, decreased body growth,
vertebral wedging, and decreased life-span. In the human adult, small verte-
bral neural canal (VNC) diameters may reflect early stunted neural and
immune development and impaired function that leads to decreased health
(inferred by greater vertebral wedging) and life-span in the adult. VNC, which
complete their growth by early childhood (age 4), are markers of early devel-
opment in adults. On the other hand, features following general body growth,
such as height, weight (represented here by vertebral body height) continues
to grow until young adulthood. They are less reliable, because they readily
experience catch-up growth (even in chronically stressed populations) and,
unlike VNC, may mask poor early growth. To test associations between early
growth and adult health and life-span in humans, we measured 2,060 VNC,
vertebral heights, vertebral wedging, nerve-root tunnel lengths, severity of
vertebral osteophytosis, and ages at death in 90 aduit (aged 15-55 years)
prehistoric skeletons (950-1300 A.D.). Tibial lengths were also measured in a
subsample (n = 30). Multivariate, bivariate, and nonparametric analyses
showed that small VNC are significantly associated with greater vertebral
wedging and decreased life-span (P < 0.05-0.00001). VNC are independent of
vertebral body heights and tibial lengths (general body growth). VNC, but not
statural components, are useful in predicting adult health, presumably be-
cause they reflect neural and immune development and do not readily experi-
ence catch-up growth. Thus, longitudinal retrospective measures of early
growth and adult health were systematically linked within individuals regard-
less of confounding factors operating over the 350-year time period. Since this
research was completed, this model has repeatedly been independently con-
firmed in four living urban industrial populations. Longitudinal retrospective
analysis was employed together with direct measures of VNC, neural and
immune function. Together these results suggested that it may be essential to
improve growth prior to early childhood in order to maximize adult health and
life-span.
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Previous studies examining relationships

between early growth, adult health, and life-
span have been ambiguous. For example,
studies using nonhuman models have shown
that early stunted growth results in better
adult health and increased life-span (Lamb,
1977). Conversely, studies in human (e.g.,
Stoch and Smythe, 1976; Guagliardo, 1982)
and animal (e.g., Pierpaoli, 1981) populations
have also shown that poor early growth is
associated with decreased adult health and
life-span. We suggest these latter studies,
that use anthropometric (morphometric)
measures reliably reflecting neural and thy-
molymphatic growth curves, such as verte-
bral neural canals (VNC), head circum-
ference, or tooth size, rather than those that
following the general growth, such as weight
and height, have so far been unambiguous in
their results. They have consistently shown
that poor early growth predicts decreased
adult health and life-span.

The purpose of this article is to present a
theoretical model and results that suggest
that events affecting human prenatal and
early postnatal growth and development
have far-reaching effects on later growth,
health, and life-span. Specifically, we tested
the hypothesis that stunted VNC size gener-
ally predicts greater vertebral wedging and
decreased life-span in adults.

Before we continue some definitions are in
order. Stunted size reflects reduced genetic
growth potential due to environmental stress
and not merely small size per se. Health is
defined here as the capacity to resist disease
and not merely the absence of disease(s). Ver-
tebral wedging (posterior vertebral heights
divided by the anterior) reflects decreased
skeletal mass and presumably accelerated
bone loss. Thus, vertebral wedging, and es-
pecially decreased life-span, defines de-
creased health status in the adult. Lastly,
some may require a regression formula or
flow diagram to refer to a scheme as a
“model.” However, less parochially, a model
is a preliminary representation of something
serving as the plan from which the final,
usually larger, object is to be constructed.
The following plan is our model, of why we
expect stunted early growth (i.e., small VNC)
to be related to poor adult health (i.e., verte-
bral wedging and decreased life-span).

Vertebral neural canals generally complete
their growth by early childhood (age 4).
Moreover, after maturation VNC are re-
markably stable in size and shape regardless
of aging or occupation (Porter et al., 1980).
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Thus, in the adult VNC are valuable as
markers of earlier development. Figure 1
compares a vertebra from a 4-year-old to an
adult’s. It can be seen that VNC size in the
young child is roughly the same as in the
adult. After early childhood, vertebral
growth occurs primarily in the vertebral
body.

The rationale for the expected covariation
between small VNC, greater vertebral wedg-
ing, and decreased life-span in the adult (i.e.,
poor early growth producing decreased adult
health) can be partially illustrated in Figure
2. Vertebral neural canal size (VNC growth
represented on Figure 2 by neuro-osseous
growth) has the same growth curve as the
thymolymphatic tissues. These complete
most of their growth prenatally and cease
growth prior to early childhood. Although
Figure 2 illustrates continued lymphoid
growth until adolescence, Figure 3 shows
that the cortex, which is most central to im-
munocompetence (see below), actually com-
pletes its growth and begins to atrophy at
birth. The cortex of the thymus and the lym-
phatic system really complete their func-
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Fig. 1. Vertebra of young child in comparison with
adult vertebra (cranial view).
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tional development before early childhood.
Moreover, all these tissues should covary in
development and stunting, because all of
these tissues respond dramatically to many
of the same anabolic and catabolic hormones,
such as growth hormones and cortisol (Fa-
bris, 1977; Cruess, 1982; Tannenbaum, 1984).

In humans, the thymic microenvironment
is known to play a central role in the promo-
tion of normal and aberrant T-cell matura-
tion, especially in the cortex. Immature T
cells migrate from the bone marrow to the
cortex of the thymus, where they become
functionally mature. Migration through a
normal cortex, and interaction with indige-
nous thymocytes, are obligatory steps for the
generation of competent T cells in the nor-
mal proportion of helper, effector, and killer
T-cell ratios. After maturation in the cortex,
lymphocytes migrate to the medulla of the
thymus, and peripheral lymph organs
(Haynes, 1984). Ironically, the cortex of the
thymus, because of its fast developmental
rate and early maturation, appears to be
most vulnerable to prenatal and early post-
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Fig. 3. Age-related changes in the human thymus (Boyd, 1936).
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natal growth disruption, and its normal de-
velopment is central to immunocompetence
(Hammar, 1909, 1921; Boyd, 1936; Watts,
1969).

In the adult, when stunted VNC are seen,
more dramatic stunted neural and immune
development, with permanent dysfunction,
should have alse occurred. Skeletal develop-
ment is known to be less susceptible to
growth disruption than soft tissue, and
among soft tissues the neural and thymolym-
phatic tissues appear to be most vulnerable
to growth disruption during prenatal and
early postnatal development. For example,
studies in animal and human populations
have found that prenatal and early postnatal
stunted growth chiefly affect brain function
and especially the thymus gland (e.g., Jose et
al., 1973; Ford et al., 1976; Mugerwa, 1971,
Gisler et al., 1971; Stoch and Smythe, 1976;
Dubos et al., 1969; Sellmeyer et al., 1972;
Winick, 1973). These tissues are most vulner-
able, primarily because of their relatively
fast growth rate and early period of matu-
ration. .

Among skeletal and dental tissue, neuro-
osseous tissues, such as VNC, are most sen-
sitive to growth disruption. For example,
Platt and Stewart (1962) found that VNC
sizes were several times more vulnerable to
growth disruption (than these other skeletal
and especially dental tissues). It is more com-
monly known, that small head circumference
(HC) is a powerful indicator of poor growth
through early childhood, and stunted HC re-
flects permanently impaired neurological
function (Stoch and Smythe, 1963, 1976;
Brandt, 1978). It is a complete myth that HC
and brain (neural) growth is spared during
systemic growth disruption during develop-
ment. Neuro-osseous (HC or VNC) growth,
compared to most features, is especially vul-
nerable to a wide variety of stressors that
produce systemic growth disruption (Brook
et al. 1984; Platt and Stewart, 1962).

If growth disruption outlasts the normal
period of maturation of the particular fea-
ture, catch-up growth in size and physiologi-
cal function cannot occur. This disruption
may result in permanently stunted VNC, and
permanently impaired neural and thymo-
lymphatic growth and function (Pierpaoli and
Sorkin, 1972; Dubos et al., 1969; Williams,
1981; Winick, 1969; Winick and Noble, 1966).
Thus, if stunted VNC are observed in the
adult, the individual should also exhibit per-
manent impaired neural and immune func-

tion, as a consequence of stunted devel-
opment prior to early childhood.

Although it may seem that this model is
theoretical, part of it has been repeatedly
demonstrated in both human and animal
populations. For example, prenatal and early
postnatal growth disruptions resulting in
permanently stunted thymic development
and function in humans have been called
“nutritional thymectomy” (Jose et al., 1973)
and “autothymectomy” (Watts, 1969; see also
Miller, 1978).

Such stunted thymic development pro-
duces similar biobehavioral changes in con-
genitally athymic mice and in mice whose
immature thymus glands have been sur-
gically removed. In mice, these changes in-
clude vertebral wedging and decreased life-
span as well as accelerated loss of T cells,
autoimmune diseases, disordered neuroen-
docrine function (especially in circadian
rhythms of catecholamines and cortisol} and
reduced life-span (Pierpaoli and Sorkin, 1972;
McGillis et al., 1983). Histologically, these
changes are remarkably similar to those seen
in normal aging, and they have been called
premature senescence, wasting syndromes,
and accelerated aging {e.g., Zubriran and
Gomez-Mont, 1953; Arnold et al., 1970; Ham-
mar, 1921).

Ironically, Hammar’s (1902; 1921) re-
search, that suggested a poorly developed
thymus (and lymph system which grows, ma-
tures, and atrophies at the same time as the
thymus) was a potential major cause of ill-
ness in children (thymus lymphaticus). Thy-
mus lymphaticus was rejected in the 1920’s,
because not all thymus (and lymph) glands
were found to necessarily atrophy with age.
Such dogma continues today. For example,
in dismissing the accuracy (and utility) of
Hammar’s research (Kendall, 1981) notes
that subsequent research consistently has
shown that the thymus gland exhibits tre-
mendous variability in thymic atrophy and
function with age.

However, the whole point of our research,
and others, is that the variability of growth,
function, and atrophy in the thymus with
age, is caused primarily by its sensitivity to
growth disruption during its brief and rapid
development. If growth disruption outlasts
its normal period of development, or just one
of its components, such as its cortical devel-
opment, it results in permanently impaired
growth and function for that particular fea-
ture. Moreover, our model extends to neuro-
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osseous tissues as well as neural and thymo-
lymphatic growth and function.

It has been suggested (Pierpaoli, 1981) that
listing all the possible effects of early growth
disruption is pointless, because the neural
and immune systems are so inextricably
linked during development. Consequently,
we suggest that as anthropologists interested
in fundamental and systemic causes of ill-
ness (rather than single isolated infectious
diseases, such as HTLV III/LAV “causing”
acquired immune deficiency) use the term
stunted neural-immune development or more
simply SNID. The term helps to categorize
individuals with acquired neurological and
immunological diseases due to poor early
growth due to a wide variety of environmen-
tal stressors. Viruses and a variety of infec-
tious diseases should be more frequent and
more problematic in individuals with SNID.
Using the term may focus attention on poor
health status due to poor growth as a result
of poor nutrition, poverty, etc., rather than a
“cure” for a disease. Thus, we have pre-
sented a model that describes a central mech-
anism that details why VNC in the adult
reflect poor growth prior to early childhood,
and why poor early growth should result in
poor adult health and decreased life-span.

MATERIAL AND METHODS
Population

We used the Dickson Mounds prehistoric
(950-1300 AD.) skeletal population, located
in Illinois, to test our hypotheses. According
to previous bioarcheological investigations
these Amerindians changed their lifestyle
(culture) from Pre-Mississippian (PreMiss.)
hunting and gathering to Mississippian
(Miss.) maize horticulture (Lallo, 1973). The
extent of their reliance on maize and its im-
pact on growth and health within and be-
tween cultures has been dealt with elsewhere
(e.g., Clark, 1985; Clark et al., 1985; Good-
man et al., 1984; Blakey and Armelagos,
1985; Harn, 1974, 1984). Our purposes here
do not require a knowledge of what caused
poor growth (small VNC). We are primarily
interested in the relationship between poor
early growth (not its source) evidenced by
small VNC and adult health and life-span.

Advantages of archeological populations

Testing associations between early growth,
adult health, and life-span in archeological
skeletal populations is valuable for three rea-
sons. First, longitudinal retrospective rela-

tionships between markers of early growth
(VNC) and adult health and life-span can be
computed instantly. This greatly reduces the
time otherwise necessary to test such hy-
potheses between early growth and adult
health within the same individual (even
across 18 generations). Second, even though
a natural experiment is used, a variety of
confounding factors can still be controlled,
such as sex, age, cultural affiliation, and
other skeletal morphometrics. Third, using
an archeological population permitted a con-
servative test of our hypotheses, because the
environmental, social, and biological factors
operating over a 350-year period presumably
made it less probable that small VNC would
be consistently found in the younger age-at-
death groups or correlated with wedging.
Moreover, the fact that small VNC are found
exclusively in the younger age-at-death
groups (< 35 years) suggests that death was
due to physiological stress that occurred early
in development, leading to decreased adult
life-span. Trauma was probably not the cause
of death; otherwise, small VNC would be
randomly associated with age-at-death
groups.

Limitations

The limitation of using a prehistoric skele-
tal population is that direct measures of
VNC, neural, and immunological growth and
function are not possible. Thus, this is a pre-
liminary investigation at least as far as caus-
ality is concerned.

Measurements

The skeletons (n = 90) were in excellent
condition. All skeletons were screened to ex-
clude pathological specimens such as those
with neural arch defects, which might con-
found analysis. Following established meth-
ods, measurements were taken (by G.A.C))
from 1,073 thoracic and lumbar vertebrae.
All continuous measures, except of tibiae,
were recorded with vernier calipers to the
nearest tenth of a millimeter.

These measurements include VNC (Fig. 4,
top) in the anteroposterior (AP) and trans-
verse (TR) diameters (n = 2,060) (Eisenstein,
1983), anterior and posterior vertebral body
heights (VH) (Ericksen, 1976) (Fig. 4, bot-
tom), wedging (posterior divided by anterior
vertebral body heights) (Milne and Lauder,
1976), nerve root tunnel length (distance)
(Panjabi et al., 1983), and vertebral osteophy-
tosis (VO). VO was rated 1-4 for severity
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Fig. 4. AP and TR spinal (i.e., vertebral) canal diameters of nerve root tunnels.

(Nathan, 1962) on the inferior and superior
margins of the vertebral body divided into
quadrants (not in VNC or in nerve roots).
The actual severity of VO was derived by
adding the total severity for the segment.
This permitted systemic rather than local
(traumatic) VO to be considered. In a sub-
sample (n = 30), minimum tibial lengths
were measured by means of a standard osteo-
metric board (Bass, 1971).

Age, sex, and cultural determination

Skeletal age at death, sex, and cultural
affiliation were established by other investi-
gators using bioarcheological techniques (see
Lallo, 1973; Harn, 1984). These factors were
not divulged prior to analysis so that mea-
surement would not be biased.

We used 10-year age-at-death intervals: 15—
25 (n = 18); 25-35 (n = 18); 35-45 (n = 21),
45-55 (n = 23). This reduced the miscalcula-
tion of age at death. Accuracy was above
90%. There were 41 male and 40 female skel-
etons: 13 male and 13 female PreMiss. skel-
etons; 26 male and 26 female Miss. skeletons.
(Samples sizes depend on missing values.)

Statistical analysis

Statistical tests were performed by stan-
dardized multiple regressions, zero-order cor-

relations, and two-tailed t tests for equal and
unequal variances (SAS Institute, 1982). Sign
tests were used to determine significant
trends (Thomas, 1976).

We approached analysis in two ways, First
we averaged each type of vertebral morpho-
metric within the thoracic and the lumbar
segments. This allowed particular morpho-
metrics to be compared as segment morpho-
metrics (L1-L5; T1-T12). The second tract
examined the morphometrics at each verte-
bral level (1.1, L2, etc.).

In order to insure that grouping the mor-
phometrics into segments was valid, their
internal consistency within the lumbar and
thoracic segments was assessed by coefficient
alpha (CA). A CA above 65% was recognized
as sufficient to reduce the data set (SAS In-
stitute, 1982). In the lumbar segment, all
CAs were above 83% except for wedging,
which was 65% (see Table 1). In the thoracic
segment, the CAs (see Table 2) were above
90% except for vertebral osteophytosis (82%)
and wedging, which was below 65%. Since
thoracic wedging was below 65%, it was ex-
cluded from segment analysis.

The CA values for the VNC (>83%) were
high, and this suggested that small VNC
were stunted systemically and that the pres-
ence of small VNC was not an isolated phe-
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TABLE 1. Internal consistency of lumbar region

Coefficient
Variable alpha
1. Spinal canal shape 0.83
(Anteroposterior/
Transverse)
2. Anteroposterior spinal 0.83
canal diameter
3. Transverse spinal 0.85
canal diameter
4. Lumbar wedging (Post. 0.65
body height/Ant.
body height)
5. Posterior body height 0.92
6. Vertebral osteo- 0.86

phytosis

TABLE 2. Internal consistency of thoracic region

Coefficient
Variable alpha
1. Spinal canal shape 0.85
(Anteroposterior/
Transverse)
2. Anteroposterior spinal 091
canal diameter
3. Transverse spinal canal 0.90
diameter
4. Anterior body height 0.91
5. Posterior body height 0.94
6. Vertebral osteophytosis 0.82

nomenon within the vertebral column.
Further analysis that suggests that small
VNC were actually stunted in growth is de-
tailed in the discussion section. Thus, except
for thoracic wedging, all morphometrics were
internally consistent and could be reliably
grouped in thoracic or lumbar segments. Al-
though wedging was present in the thoracic,
it could not be reduced reliably into a seg-

ment value. This was probably due to the

high number (12) of thoracic vertebrae, and
the localized nature of vertebral wedging that
occurs in the midthoracic region. The lumbar
segment was reliable probably because it has
fewer vertebrae (5) and carries more weight
than the thoracic. It should more readily
show the effects of compression and wedging.
As a result, only the lumbar segment was
used to test relationships between VNC and
wedging.

For natural (realistic) experiments (with no
artificial control over variables) strengths of
correlations should be categorized as follows:
0.10 (slight); 0.20 (medium); 0.50 (large)
(Cohen and Cohen, 1975).

RESULTS
Vertebral size and growth: Dickson vs.
modern populations

Before we could begin analysis, it was im-
portant to determine whether Dickson ver-
tebrae appeared similar in growth patterns
and size to the vertebrae found in modern
populations. For example, if VNC growth
continues through early adulthood, individ-
uals dying in the youngest age-at-death pe-
riod would normally have smaller VNC than
would survivors.

Although the need for longitudinal data is
unquestioned, there does seem to be some
validity for inferring heterochronic and ki-
netic growth patterns from static adult skel-
etal material. According to zero-order
correlation and t tests, there was no signifi-
cant VNC growth in the 15-25 age-at-death
group for thoracic and lumbar AP and TR
diameters. Interestingly, in modern popula-
tions thoracic vertebrae cease growth earli-
est and the lumbar latest, especially in the
TR diameters (Hinck et al., 1966). This ap-
parently was also the case in Dickson popu-
lations, as suggested by the analysis in the
15- to 25-year-olds (thoracic TR: r = —0.08,
ns., n=17; AP: r = 0.09, n.s., n = 17; cf.
lumbar TR: r = —0.26, n.s., n = 18; AP:
r = 0.10, n.s.,, n = 18).

The ability to use adult skeletal material
in inferring growth patterns between homo-
chronic and heterochronic features is further
suggested by analysis of the VNC diameters
and tibial length. Lumbar TR but not AP
diameters were correlated with tibial length
(TR: r=052, P<001, n=27, AP:
r = —0.17, n.s., n = 29). Presumably this oc-
curred because, unlike other VNC diame-
ters, TR diameters grow somewhat after
early childhood (about 3 mm or 20%) (Hinck
et al., 1966), and they share more of the tibial
growth curve than the AP diameters, which
cease growth sooner. Similar results between
TR and AP diameters and tibial lengths in
adults have been found in adult skeletal ma-
terial (Porter, 1985).

We checked growth of vertebral height (VH)
in the 15- to 25-year-old age-at-death group
because, unlike VNC, in modern populations
VH (trunk growth) normally continues to
grow into the midtwenties. Results for pos-
terior VH in Dickson populations suggest
that growth was continuing (thoracic:
r=062,P < 0.01,n = 17; lumbar: r = 0.60,
P < 0.01, n = 18). Patterns for the anterior
heights were equivalent. Thus, generally
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adult skeletal material does appear to have
some utility in assessing growth patterns.
More important, Dickson vertebrae did ap-
pear to behave like those found in modern
populations. VNC growth appeared to be
completed by young adulthood and vertebral
heights appeared to be continuing to grow.

Lumbar neural canal size and wedging

Our model suggested that there should be
an inverse relationship between VNC size
and wedging. Bivariate zero-order correla-
tions and t tests, for combined age and sex
groups, showed that individuals with smaller
VNC TR diameters have greater vertebral
wedging. This inverse correlation is moder-
ate to large, linear, and highly significant
(r = -0.30, P < 0.01, n = 87). The VNC AP
diameters tend to show the same relation-
ship, but they are neither as strong, nor as
significant (r = —0.19, P < 0.08, n = 87).
Similar bivariate analysis, for all age-at-
death groups, showed similar inverse tend-
encies, and these inverse relationships be-
came strongest in the oldest age-at-death
group. For details see Clark (1985).

Table 3 shows four standardized multiple
regression equations. The dependent vari-
ables were either TR or AP lumbar diame-
ters rather than wedging, because these are
simultaneous equations. What is important
is that there exists an inverse relationship
between VNC and degree of wedging. The
independent variables were age, sex, culture,
nerve root tunnel distance, and severities of
vertebral osteophytosis.

In the first equation, controlling for age,
sex, culture, nerve root tunnel distance, and
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severity of vertebral osteophytosis, lumbar
VNC TR diameters are significantly in-
versely correlated with wedging (R = —0.26,
P < 0.05). The R? is significant (R® = 0.18,
P < 0.05). The second equation considers the
morphometric variables separately from the
population parameters. Wedging is the only
morphometric significantly (inversely) corre-
lated with TR diameters R = —0.23,
P < 0.05), but R? is not significant.

The third equation controls for age, sex,
culture, nerve root tunnel distance, and se-
verity of vertebral osteophytosis. There is no
significant relationship between lumbar
VNC AP diameters and wedging. The fourth
equation, which considers only the morpho-
metrics, shows that wedging is significantly
correlated with AP diameters (R = —0.21,
P < 0.05). R? is also significant (R% = 0.29;
P < 0.001).

In summary, these results suggest that poor
early growth, reflected in small VNC, pre-
dicts significantly greater wedging in the
adult (presumably indicative of bone loss) re-
gardless of adult age, sex, diet (biocultural
differences through time at Dickson), nerve
root tunnel length, or degree of vertebral os-
teophytosis (osteoarthritis). Usually it is held
that (adult) age, sex, and diet are considered
preeminent in osteoporosis. This suggests
that poor growth prior to early childhood may
in fact be preeminent in producing osteopo-
rosis in the adult.

Bone loss is accelerated with decreased
health as a result of decreased physical activ-
ity and increased physiological stress. Thus,
small canal size, as a result of poor early
growth, does appear to generally predict de-
creased adult health.

TABLE 3. Standardized multiple regression: Lumbar vertebral neural canal diameters and wedging

Transverse diameters

Anteroposterior diameters

Independent Beta weights Beta weights
variables Eq. 1 Eq. 2 Eq. 3 Eq. 4
Age 0.15 0.14
Sex 0.08
1. Male -0.34%*
2. Female
Culture
1. PreMiss. -0.002 —0.32%*
2. Miss.
Nerve root tunnel 0.12 0.13 0.56%** 0.53%**
Vertebral 0.02 0.10 -0.01 0.08
osteophytosis
Wedging —-0.26% —0.23* -0.07 -0.21*
R? —0.18% 0.08 0.40*** 0.29%**
*P < 0.05.
**P < 0.01.

*EEP < 0.001.
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TABLE 4. Lumbar and thoracic vertebral neural canal size: Alive vs. dead by age groups

Age Status n X SE Prob < |t}

A. Lumbar segment transverse diameters

15-25 Alive 59 22.70 0.18 0.03
Dead 18 21.85 0.40

25-35 Alive 41 22.82 0.20 n.s.
Dead i8 22.66 0.42

35-45 Alive 21 22.80 0.26 ns.
Dead 20 22.85 0.32

45-55 Alive
Dead 21 22.80 0.26

B. Lumbar segment anteroposterior diameters

15-25 Alive 59 15.30 0.14 0.07
Dead 18 14.57 0.34

25-35 Alive 41 15.26 0.25 n.s.
Dead 18 15.41 0.27

35-45 Alive 21 15.44 0.38 ns.
Dead 20 15.07 0.34

45-55 Alive
Dead 21 15.44 0.38

C. Thoracic segment anteroposterior diameters

15-25 Alive 55 15.62 0.14 0.05
Dead 17 15.05 0.23

25-35 Alive 41 15.80 0.15 0.02
Dead 14 15.07 0.32

35-45 Alive 21 15.90 0.23 n.s.
Dead 20 15.70 0.18

45-55 Alive
Dead 21 15.90 0.23

Vertebral neural canal size and life-span

Table 4 compares lumbar segment VNC
TR and AP diameters for individuals alive
and those dead at each age period (15-25,
35-45, etc.) by means of t tests. Results for
the lumbar (Table 4A) segment shows that
individuals dying in the 15-25 age group had
significantly smaller VNC TR diameters
than survivors (P < 0.03). Table 4B shows
that for individuals dying within the 15-25
age-at-death group VNC AP diameters ap-
proach being significantly smaller than those
of survivors (P < 0.07). All other compari-
sons are not significant.

Analysis for the thoracic segment (Table
4C) showed that individuals dying in the 15—
25 (P < 0.05) and 25-35 (P < 0.02) age
groups had significantly smaller VNC AP
diameters than those of survivors. After age
35 no other comparisons were significant, nor
were there even tendencies. No TR diame-
ters were significant according to t tests.

Individual analysis for thoracic vertebrae
(Fig. 5A,B) showed that in the 15-25 age
group, 7 of 12 VNC AP diameters, according
to t tests, were significantly smaller in the
dead than in survivors. T5 values also tend
to approach significance (P < 0.07).

Of 12 VNC AP diameters 11 (at least) tend
to be smaller in the dead than in survivors.
A sign test shows that this tendency is sig-

nificant (P < 0.005). In the dead 11 of 12
VNC TR diameters tend to be smaller than
in survivors (P < 0.005).

In the lumbar vertebrae (not shown) 4 of 5
VNC TR diameters were significantly
smaller, within the 15-25 age group, and L5
values tended to be smaller than in survi-
vors. Among the VNC AP diameters none
were significantly smaller, but all 5 tended
to be smaller. Sign tests could not be per-
formed, because at least six groups were nec-
essary for such tests (Thomas, 1976).

Qverall, for combined lumbar and thoracic
VNC AP and TR diameters within the 15-25
age group, of 34 diameters at least 32 (at
least) tend to be smaller than in survivors.
This tendency is significant (P < 0.00001).
These parametric and nonparametric test re-
sults suggest that small VNC are signifi-
cantly associated with decreased life-span,
especially the thoracic AP VNC.

Growth disruption that occurs earliest is
generally thought to have widest effects on
health. We have suggested that features de-
veloping later are less reliable in predicting
subsequent poor health, because they may
more readily experience catch-up growth and
may mask poor early neural and thymolym-
phatic growth.

This seemed to hold for VNC versus VH.
However, it also seemed to hold even within
the VNC. Lumbar TR VNC, although also
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Fig. 5A. Individual average anteroposterior thoracic spinal canal diameters (in mm), T1-T®6.

showing a significant tendency to be smaller
in those with younger adult-age-death, were
generally the weakest VNC diameters in as-
sociation with decreased adult life-span. On
the other hand, thoracic AP VNC were the
most highly associated with younger adult
age-at-death, and they develop earliest, com-
pletely in utero.

Multivariate analysis for VNC diameters
and life-span was not conducted, because of
the apparently nonlinear relationships across

the age groups. Multivariate analysis within
age groups was impossible owing to their
small sample sizes.

DISCUSSION

One alternative hypothesis is that females
died more frequently than males in the
younger age-at-death group, perhaps in
childbirth. If females normally had smaller
VNC than males, this traumatic death would
have led to the spurious conclusion that small
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Fig. 5B. Individual average anteroposterior thoracic spinal canal diameter (in mm), T7-T12.

VNC were associated with decreased life-
span. However, there were no significant dif-
ferences in thoracic or lumbar VNC AP and
TR diameters between the sexes in either the
15- to 25-year or 25- to 35-year age-at-death
group. For fuller explanation of sexual di-
morphism and VNC in Dickson populations
see Clark (1985,1986).

Another potential problem with this anal-
ysis is that in adult skeletal material it is
difficult to distinguish between small VNC

and stunted VNC. (Even so, our results would
still stand.) However, it appears that individ-
uals in the youngest age-at-death groups ac-
tually have stunted, rather than merely
small, VNC. For example, in the youngest
age-at-death groups (15-25 years) VNC are
independent of VH. (TR:r = —0.00, n.s., n =
18; AP: r = 0.38, n.s. = 18). Thereafter, VNC
and VH are dependent. This relationship is
stronger in the older age-at-death groups and
strongest in the 45-55 (oldest) age group (TR:
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r=0.60, P <001, n=21; AP: r = 046,
P < 0.05, n = 21). This suggests that indi-
viduals who experienced stunted growth in
early childhood (and small VNC) also suf-
fered permanently impaired neural and im-
munological function. Yet this stress was not
severe, because they survived until adult-
hood, and apparently caught up in respect to
VH. VNC and VH were dependent in the
older groups, because no stunting in early
growth occurred (and there was strong posi-
tive allometry between VNC and VH, and
these individuals lived the longest).

Similar results show that poor early growth
may permanently stunt features that mature
early and be associated with neurological
dysfunction but that those maturing late do
not reflect poor early growth. For example,
Stoch and Smythe (1976) found that popula-
tions that survived infant malnutrition in
consequence of nutritional supplements com-
mencing in childhood caught up by adult-
hood in weight and height, but, compared to
controls, they remained significantly stunted
in head circumference (HC) and neuroclogical
function because nutrition intervention com-
menced at age 6 after HC ceased growth
(about age 4) (see also Brandt, 1978). This is
analogous to the stunted VNC and appar-
ently normal VH in the younger adult age-
at-death groups.

Eisenstein (1983) compared VNC and VH
between South African white and black skel-
etons. Vertebral neural canals were signifi-
cantly smaller in the blacks than in the
whites, but there was no difference in VH.
He ascribed this phenomenon to genetic dif-
ferences between these populations. We sug-
gest that blacks had poorer infant health
than whites, but by adulthood blacks caught
up in VH, while remaining stunted in VNC.

Stunted development prior to early child-
hood, rather than small size, appears to be
correlated with decreased adult health and
life-span beeause neither tibial length nor
VH (i.e., statural components) was associated
with these conditions. This also suggests that
poor early growth and adult health is best
measured on the basis of features that com-
plete their growth early. Ironically, such aux-
ological investigations primarily focus on
stature or weight.

Initially it would seem that wedging is a
poor way to measure bone loss and general
health status. However, vertebral wedging is
a widely used clinical measure of bone loss

G.A. CLARK ET AL.

(e.g., Riggs et al,, 1982; Giansiracusa and
Kantrowitz, 1982; Guggenheim et al., 1971)
and general health status (see Clark, 1985).
Although the exact shape change that occurs
in vertebrae with age is problematic, all ver-
tebrae decline significantly in height and be-
come significantly broader with aging or
disease (Ericksen, 1976; Arnold et al., 1970).

Interestingly, both Milne and Lauder (1976)
and Arnold et al. (1970) suggest that bone
loss in the vertebral body is greater in the
anterior than the posterior portion of the ver-
tebral body, leading to asymptomatic micro-
fracture and vertebral collapse. The rectan-
gularly shaped vertebral bodies generally
become wedge-shaped with age (and pre-
sumably certain diseases).

Our study shows similar results to those
above. Results here suggest that better early
growth (larger VNC) produced increased an-
terior vertebral body height (skeletal mass)
in adults (AP: r = 0.28, P<0.01, n = 87; TR:
r = 0.29, P<0.01, n = 87). However, there
was no relationship between VNC and the
posterior vertebral body height (AP: r = 0.12,
n.s.,n = 87; TR:r = 0.10, n.s., n = 87). Thus,
poor early growth does indeed appear to have
significant impact on size (skeletal mass) of
the anterior vertebral body heights, but there
was relatively little affect between VNC (poor
early growth) on the posterior vertebral body
heights. Hence, a relationship between small
VNC and vertebral wedging exists, but there
is no relationship between small VNC and
shorter trunk length (i.e., stature).

It is now recommended that cancellous
bone density be used to assess bone loss
(American College of Physicians, 1983), be-
cause it is far more sensitive than cortical
bone to metabolic and mechanical stress.
Among cancellous bone sites vertebrae ap-
pear to be the most sensitive indicators of
bone loss (Pogrund et al., 1979). Vertebrae
are over 90% cancellous bone with four times
more bone surface area exposed to blood than
cortical bone. This increases the potential
dissolution of bone (Frost, 1973).

Unfortunately, in archeological popula-
tions it is difficult to precisely measure can-
cellous bone. Cancellous bone is easily lost
because of postmortem factors such as weath-
ering. Fortunately, the cortical shell sur-
rounding the vertebral body (composed of the
cancellous bone) is stable. As a result, mea-
suring wedging of the cortical shell (verte-
bral heights) provides inference in respect to
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cancellous bone loss, because the cortical
shell collapses only after more extensive can-
cellous bone loss within the vertebral body
(Milne and Lauder, 1976). Thus, our correla-
tions between poor early growth and wedg-
ing are probably conservative estimates of
the actual relationships between poor early
growth and cancellous bone density and loss.

Two mechanisms are usually given to ex-
plain osteoporosis: 1) decreased skeletal mass
at maturity that is due to impaired forma-
tion, and 2) the rate of bone loss (e.g., Gian-
siracusa and Kantrowitz, 1982). Perhaps
individuals with poor early growth have
small VNC, decreased skeletal mass (espe-
cially in the anterior portion of the verte-
brae), and impaired neural and immune
function. This would further accelerate bone
loss due to decreased physical activity and
increased physiological stress (i.e., decreased
health).

Deficits of bone mineral, as a result of im-
paired early growth, may not show up as
clinically significant disease until a thresh-
old is reached in adulthood when these sub-
clinical deficits are compounded by normal
age-related bone loss commencing at skeletal
maturity. A similar suggestion has been
made as to the cause of immunodeficiency
diseases that occur with adult aging.

In a review of immunodeficiencies and ag-
ing, Makinodan (1980) suggested that what
is not known is whether immunodeficiency
diseases, normally associated with aging,
compromise immune function or whether the
decline with age in immune functions crosses
a threshold level that predisposes adults to
eventual disease. He supports the latter view,
because the onset of the decline in immune
functions occurs when the thymus begins
normally to involute in adolescence (or the
cortex at birth). Thus he suggests that nor-
mal thymic involution may be a single, dor-
mant, underlying central mechanism re-
sponsible for the loss of immunological vigor
with age.

We propose that stunted neural and im-
mune development (SNID) and function that
occur before early childhood might explain
some of the considerable variation (acceler-
ated aging) found between individuals and
populations in neural and immunodeficiency
diseases and life-span. Moreover, such stunt-
ing may be common in affluent and espe-
cially in poor modern industrial populations
and underdeveloped countries. Although
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most of the relevant work has been done in
severely malnourished populations, a variety
of stressors are known to influence prenatal
and early postnatal growth (see McCormick,
1985). For example, maternal smoking pro-
duces significantly reduced infant head cir-
cumference (D’Souza et al., 1981) and
decreased weight through 7 years of age
(Garn et al., 1978). Other sources of maternal
and/or fetal stress (that may produce SNID)
include hypertension, alcohol use, placental
insufficiency, climate, and airport noise.
Worldwide, the most common problem is
malnutrition. What happens to neurological
and immunological function?

There are several studies both in prehisto-
ric and in modern industrial populations that
have consistently shown that early stunted
growth results in disease and decreased life-
span in adults. For example, in prehistoric
populations individuals dying in late adoles-
cence had significantly smaller tooth size
than did those surviving until adulthood
(Guagliardo, 1982). Similarly, disrupted den-
tal enamel development is significantly as-
sociated with decreased lifespan in adults
from Dickson Mounds (Rose et al., 1978). Dis-
rupted enamel development has also been
found in skeletons of younger age-at-death
from modern industrial samples, and the
cause of death was most often infectious and
neurological diseases (Goodman, 1985). In
modern living populations, disrupted enamel
development has been frequently found in
individuals with minimal (Bergman et al.,
1965), as well as extreme (Martin et al., 1960)
neurological diseases.

Estimates of the adult physique in modern
populations, which use stature as a shape
component, have been inconsistently associ-
ated with decreased adult health and abnor-
mal physiological functions, including
eosinophil count (Burr and Damon, 1970;
Rud, 1947), endocrine function (Bridges and
dones, 1973), cancers (Westphal et al., 1979;
McWhirter et al., 1983), bone loss (Hansson
and Roos, 1980), and diabetes (Mueller et al.,
1984). Early physiological stress may cause
increased adult stature (Clark, 1985), but
those features that complete their growth be-
fore this period are generally stunted in de-
velopment even in the adult. To date no study
has proposed a causal mechanism that ex-
plains why features completing their growth
early in development, not in adulthood, are
most predictive of adult disease and de-
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creased life-span. We propose that SNID, as
indicated by small VNC, may be of some
importance in understanding the variability
of neural and immune function that helps
determine adult health and life-span.

CONCLUSIONS

Our results show that small vertebral
neural canals (VNC) in both the anteropos-
terior and transverse diameters are signifi-
cantly correlated with greater vertebral
wedging (bone loss), even after age, sex, cul-
ture, nerve root tunnel distance, and verte-
bral osteophytosis are controlled. Thus, the
importance of age, sex, and culture in pre-
dicting wedging (bone loss) appears to be out-
weighed by poor growth prior to early
childhood. Perhaps the current attempts to
prevent bone loss, often commencing after
adulthood, are too narrowly focused.

Individuals with small VNC TR and AP
diameters also have a significantly reduced
life-span (adult age-at-death). Vertebral
neural canals are potentially independent of
vertebral height and tibial length. This sug-
gests that stature in the adult may mask
poor early growth, as well as the relationship
between poor early growth, adult health, and
life-span.

Since this research in prehistoric popula-
tions was completed, independent research-
ers have confirmed this model in four modern
urban industrial populations (Porter, 1985).
Specifically, VNC were measured in vivo, us-
ing ultrasound, in several hundred adoles-
cents and adults. The study design was
longitudinal (retrospective) and individuals
were randomly sampled. Individuals with
smaller VNC compared to population nor-
mals had significantly (t test, P<.05~.01): 1)
greater somatic complaints, 2) greater psy-
chological depression, 3) poorer standardized
test scores through high school, 4) more infec-
tions, and 5) higher absenteeism on the job.
More recent research also suggests that our
model of stunted neural-immune develop-
ment is correct. For example, Wilson et al
(1985) found that low birth weight in infants,
due to such prenatal stressors as hypoxia,
leads to phenotypically less mature circulat-
ing B and T cells. This results in impaired
immune function.

Small VNC is known to be a principle cause
of (idiopathic) back ache (Porter et al. 1980).
Clark et al. (1985) suggested that this com-
ponent of back ache may be developmental.

G.A. CLARK ET AL.

Our results here suggest a general clinical
significance of small VNC beyond the impor-
tance of back ache.

Low birth weight and fetal growth retar-
dation, due to such factors as maternal mal-
nutrition or psychological stress, are now
generally recognized in underdeveloped and
developed countries as important factors that
predict perinatal and infant mortality, as
well as learning disabilities in children. The
acute and chronic disabilities come at great
personal and social cost McCormick, 1985).

If further research upholds the premise
that poor early growth, even of seemingly
minor magnitude, actually predicts lifelong
compromised health, then the social and per-
sonal costs of poor early growth have been
greatly underestimated. Currently, these
costs are calculated from disability through
childhood and not adulthood. At present it
appears that improving early growth prior to
early childhood may be critical to maximiz-
ing health and life-span in the adult.
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