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CHAPTER I

INTRODUCTION




INTRODUCTION

Until recently relatively little has been known about factors which
affect growth and development in early life and which have a fuﬁdamental influence
on later adult life. Thus pre- and post-natal growth and development”must be
studied as a continuum for they have a profound effect on ultimate physical and
mental development. However, legal‘and ethical problems governing the availability
of buman fetal material diminish the prospects for assembling large comfrehensive
aurvéys. Because of this, there.is often inaccuracy and inconsistency in many
repdfts of human fetal development and, in particular, the study of certain regions
has been conaiderably neglected., . Ossification of the human fetal spine and limbs
is one such example.

'Thg initial purpose of the present study was an attempt to increase
Imowledge in an axéa where there appears to be substantial gaps. As the study
developed it became obvious that the research should be extended into other
relevant ;reas and an attempt has been made to correlate various findings so that
& more comprehensive understan&ing of growth as a whole in this region might be
obtainéd. In particular, study of the fetai spine cannot be isolated from the
study of fetal movement.

An important featurz of the present study has been the comstruction
of "standards” for human fetal growth and development, the data being presented
graphically and in éables. These allow comparisons to be made with singie or
gerial measurements of other fetuses and they may assist in establishing the
presence of abnormal development, for example, spina bifida, anencephaly and
congenital scoliosis. ‘The standards might aléo form the basis for cémparisons
with the influence Bf various factors such as sex, ethnic groups, environmental
changes, nutrition and disease which are known to affect growth and development.

It is hoped that the present study, by adding to existing data

concerning fetallgrowth and development, will promoté asgsessment of fetal "well



being", maturity and age. This is particularly important for the ﬁaedia.trician'
and obstetrician especially vhere circ;:msta.nces indicate that premature delivery
of the child mé.y be necessary or where there are signs indicative of fetal ill-
health. .

The results of earlier igvestiga.tions of pre-natal, neonatal, and
post-natal .grovth need to be interpreted with caution in the light of the increased
accuracy of techniques evailable for measuring and analysing fetal growth.

In@eed earlier gz;owth_cu.rves may naed to be revised. The results of the 'present
study might also agsist in esimblishing the age, sex and size of whole or part
- of & skeleton and might therefore be useful in disciplines such as forensic

medicine, physical anthropology and archeology.
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‘CHAPTER II

REVIEW OF LITERATURE




The fetal skeleton "in toto™ is a complex subject fdr research.
Although its very complexitf ;:rea.tes many possible areas for research,
individual topics can be isolated for investigation. However, when
investiga.ting any particular items, the findings must be viewed in..rela.tion.

to the entirety of the spine and limbs and not in isdhtion.



FETAL AGE

During recent years there has been increasing interest in
developing new methods for estimating the gestational age of the human fetus.
These methods have recently been extensively'reviewed (Casaerandfhkiyama, 1970) .

| Traditionally, but nevﬁrtheless inaccurately, fetal age has been

estimated from the date of.onset of the Last Menstrual Period (L.M.P.)
(Chan, Ang,and Soo, 1972; Birkbeck, Billewicz, and Thomson, 1975). An earlier
vorker (Mall, 1918) referred to;fhis as the Menstrual Age but it has been
called Postmenstrual Age b& later workers {Casaer and Akiyama, 1970). A
. well-defined landmark such as this clearly bas its attraction as a basic method
of ageing fetuses and indeed has‘been used . (Brewer and Jones, 1947; Brkbeck
et.al., 1975). Treloar, Behn, and Cowan (1967) suggest that the L.M.P. age
can be used as oﬁe of several methods for estimating the age of a conceptus.
However, it must be remembered that life actually commences with fertilisatiomn
of the ovum (Patten, 1953; Aunson, 1966) and the age of the fetus is really the
time which bas elapsed aftef conception (Hess, 1917; Hamilton and Mossman, 1972).
Uhfoitunately; the date of conception caunot be accurately determined in the
human and this has led to the rather unsatisfactory situation which exists at
the present time.-

Keefer (1965) in comparing ovulation with ejaculation, observes
that it is surpriéiﬁg that ovulation should be so unobtrusive when ejaculatiom
is so obvious. Warwick and Williams (1973)state that fetal age derived from
the L.M.P. iz approximately 14 days in excess, since ovulation cccurs around
the 14th day following the onset of menstrustion and there is & ;imifed viability
of the female gaméte. Gaerrero and Florez (1969) using a change of basal
body temperatgre as an indication of ovulation were more precise in their
. determination of this Ovulation Age and found that the interval betiween L.M.P.
and the date of ovulation has a mean of 1?.5 days and a staudar@ deviation of

3.8 days vhich accords with a similar but earlier study by Greulich, Morris,



and Black (1943). Shabean and Klopper (1973) provided further evidence of a
variation in the pre—ovulation interval by determining mid-cycle hormonal peaks

acd demonstrated that the interval betwegn L.M.P. and mid-cycle oestradiol peak
varied from 8 to 17 days, whilst Allen, Pratﬁ, Newell, snd Bland {1930} after
recovering unfertilised ﬁva and studying the associated corporas lutea, concluded
that.ovulation_occurred approximately on day 14 of a 28 day cycle. Brewer and
Jones (1947) in a review of the available literature offer evidence which supports
the view that ovulation ocﬁura during mid-cycle and report that earlier investigatoré
vho examined cervical mucus conclude& that ovulation takes place on the 9th to 19th
‘day of the cycle; They further réport on a vaginal smear'method which found that
oyﬁlation.occurred most often on days 11, 12 and 13 with a range from 7 to 17 days,
and a method which measured sodium pregnandiol élycuronidgte excretiop in urine
which indicated that ovulation occurred during mid-cycle. These results contrast
sharply with the views of earlier workers at the turn of the century when, as Mall
(1910) reports, the separate’studies of a number of investigators i;cluding Bischoff,
Dalton, Williams, Reichart, Arnold, Leopold, and Ravano, showed conclusively that
ovulation and menstruation were usually synchronous. Patten (1953 considers this
to be one of the main reasons for the erroneous retention of Menstrual Age. as an
.indicatiun of conceptioﬁ age. There was evidence hovever,rthat menstruation could
take place in the intermenstrual period (Mall, 1910). Similarly, there was a time
vhen conception was thought to be most frequent during the week after the end of
menstruation (Mall, 1918) but this was very firmly rejected by a study of the

sexusl habits of orthodox Jewish women (Park, 1968). The above examples illiustrate
the complexity of this region.of research particularly in terms of investiéation

and emphasigse how comparatively recent is much of the available information. :Both
Bell and Lorraine (1965) and Keefer (1965) state -that there are no useful criteria
vhich allow the day of ovulaticn to be predicted and Brewer and Jones (1947)

attempting to summarise the available data, state that ovulation takes place during



the mid-cycle with a range from 8 to 19 days in women with cycle lengths of
26 to 30 days. In their survey.they inﬁroduced the additional problem of irregular
cycle length which directly affects the relationship between any two points in the
cycle. . ‘ i

Chiazzi, Brayer, Macisco, Parker, and Duffy (1968) confirm that
there is a wide variation in the cycle length and Gunn, Jenkin, and Gunn (1937)
remark that the only regular featuré about the montbly menstrual period is its
lack of regularity. Arey (1939) is very critical of several studies which suggest
that a very high percentage of women bave regular 28 day cycles or even menstruate
" regularly and he suggests that only data from actual calendar records of responsible
women are acéeptable for such studies. From 20,000 such records he calculates that
the modal iength for both pubertal girls and adult vomen is 28 days whilst the
average length is 33.9 days for girls and 28.4 days for women which is in close
agreeiient vith the study of Guon et.sl. (1937). He stresses that the veriation
in cycle length decreeses as vomen get older but cn average an adult voman can
expect‘one-third of all her cycles to depart more than 2 days from her mean cycle
iength. In no case was aﬁ example of perfeet menstrual regularity'noted-over any
significant period of time although many individuals declared themselves to be
the acme of invarigbility. Arey (19393 concludes that it seems improbable that
menstrual regularity, in any true sense of the word, will ever be encountered
over a significant length of time because there is &s yet no report indicating
perfect regularity for even ope individual. Beazley and Underhill (1971)
confirm this irreguiarity in cycle length and suggest & correction for the
calculation of duration of “human pregnancy from Naegele's rule if the éycle is
regular but greater thanA28 days. Brewer and Jones (1947} reporting on earlier
?orkers who studied the histology of the endometrium, of the ovarian follicle,

or of the recent corpus luteum emphasise the importance of the menstrual cyvcle

length by putting forward evidence which indicates that ovulation takes place about



14 da&s BEFORE the nexj menstrual period and perhaps their evidence emphasises
the uncertainty associated with this paiticular area of research in addition
to the difficulties encountered when attempting to inter-relate two specific
timeé in what may be an extremely flexible cycle. Pbrﬁaps even more“significgnt
is the fact that the duration of one interval is not necessarily influenced by the
duration of its preceding cycle (Gux;n et.al., 1937). |
It therefore appears that following any given L.M.P. date
ovulation in one female could easily occur as lomg as one week later when compared
vith another female (Birkbeck et.al., 1975) and this could lesd to a comsiderable
;;ror vhen estimating the Age of the human fetus using ovulation as the criterion.
In aeddition to this pré—ovulatiun interval, mast be added the
undetermined jnterval from ovulation to conception in order to estimate the true
fertilisation Age of the fetus, i.e. from the time of fertilisatiom. Conception
does not follow immediately after insemination (Hess, 1917) and thus there may well
be a time iag between intercourse and ovulation, (in which an ovum is fertilised)
or between ovulationéand—interéourse of + 2 days (Finnstrom, 1972). The viability
of the gametes has long been a subject for mﬁch research and Cary (2936) moted
that normal morphology and migratory power were only two of several criteria that
could be used to assess the viability of the male spermatozoa. Several
investigators report the findings of living male spermatozoa in the reproductive
tract of women at va¥ying time intervals after copulation (Huhﬁgr, 1925; Moench,1934)
although Cary (1936) concludes that most spermatozoa are dead within 4 days.
Hamiltog,and Mossman (1972) suggest that there is good reason to believe that
human spermatozoa, like those in most mammals, have a short life in thé femnle
genital tract and that secretions found in the vagina destroy the fertilising
pover of the sperm after a short period. This is in close agreement with the work
of both Vignes and Boros (1934) and Belonoschkin (1934) who conclude that the

survivel of the sperm probably does not exceed 48 hours but they attribute this to -



the reia.tively high temperature of the female pelvis when compared with that in
the male scrotum. Simila.r extensive vofk has been completed regarding the female
ovum and from animal experiments it is kmown that the ovum is capable of being
fertilised for only a short time efter ovulation. If fertilisation does not take
place nthm a limited period after shedding (rabbit 12 hours, guinea-pig 26 ho;u-s,
ferret 30 hours) then the ovun. undergées degenerative changes (Hamilton and Mossman,
1972). Thus there is an additional imherent error between the use of Ovulation Age
and the true Fertilisation Age and this error, although small, can be variable, .

Pro_m the date of a single coitus which has led to conception a |
doit&l Age can be determined and the aciuel Pertilisation Age associated with this
c#not be much less.because of thé limited viability of the gametes (Pattem, 1953),
l;’articular use of this has been made in some animal studies (Hughes and Tanner, 1970).
The differencl; howev;'er, could still be several days and this is a highly significant
interval m the. earlier stages of embryonic development (Warwick and Williems, 1973).
As an extension to this, Finnstrom (1972} in a study of 34 women who:could accurately
supply the.date of a single coitus leading to pregnancy, calculated the time lag
between L.M.P. and intercourse to be 12.6 day's- with a gtandard deviation of 3.8 days,
results which agree very well with a similar study undertaken by Patten (1953). If
this sample was representative of a randomly selected, N-distributed population,
the interval would be 12.6 + 7.6 days for 95% of women. This interval combines the
variations from several sources and represents a rather large source of potential
error in an accurate estimation of Fer'hilisa.ti.on Age of the fetus. In theory,
coital a;ge would befairly accurate as an estimate of true fetal age but t}le problems
associated with determining the actu;xl coitus leading to conception ekminate this
method of ageing human fetuses as being of general use.

Other problems which present when trying to use L.M.P. dates include
the incidence of . anovulatory menstruation. Hartmen (1932) described an-~

ovulatory mensiruation in the Macacus Rhesus monkey and Rock, Bartleit, and Matson
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(1939j in a study of adult fertile human females found evidence that bleeding
indistinguishable froml normal menstruation may occur from a non-secretory
endometrium. This was interpreted as indicating an anovular cycle. They found
that 4% of mature women regularly had anovular cycles and that 9% had occasional
ones. | Moreover Hamilton and Mossman (1972) observe that anovular menstruati.on
occurs more frequently betweex.z puberfy and 18 years and after 35 years. Whilst
anovular menstruation may be uncommon,- it may nevertheless confuse the use of L.M.FP.
dates in attempts to &ésess the a'.ge' of the human fetus. |
Perbaps of more significance is the work of Arey (1939) whe found

ﬁo‘b surprisingly, that for many women, memory alone is completely unreliable as
& method of recollecting L.M.P., dates and Beazley and Underhill (1971) reported
as many as 22% of women who did not remember L.M.P. dates. Thus the L.M.P. is
often completely unlnown or very unreliable (Hooker, 1952; flindle, 1970; Birkbeck
et.al., 1975) and, if used, must be checked very carefully (Pinnstrom, 1972}.

" ¥hen aborted meterial is being examined, a further error may cccur
in estima't;ing its age. There‘ma.y be an indefinable period between cessation of
growth ‘and possibly death of the fetus and the actual recovery of the conceptus
(Patten, 1953; Warwick and Williams, 1973) and Campbell and Dewhurst (1971)
quote two ingtances of such variation; " one where death occurred 10 days after
growth had stopped, and the other vhere there was a 4 week peri'o_d of growth stasis.
This might lead to a considerable error in the estimation of fetal age but with
the recent changes in legis}ation concerning abortion, more fetuses have become
a.vailabie for study and this source of inaccuracy might be less important. Patten
(1953) im fact, suggests that the best data are to be obtained by using normally
growing embryos vhich have been removed at hysterotomy.

For most of the menstrual cycle the female is unaware of events

e'xcep'l:. for the period of menstrual bleeding. It is therefore hardly surprising

that this landmark is used by the clinician to estimate the age of the human fetus.



It is one of only two easily recognised occasions which n-xa.y be recalled
by the expectant Mother which give an indication of the actual cycle in which
comception was achieved. Trolle (1948) suggests that the simplest way for the
. elinician is to ask about coitus or L.M.P.-but emphasises that in the early
conceptus it makes a considerable difference whether age is calculated from
copulation or menstruation. Park '(1968) suggests that our ideas have changed
little in 100 years and that we may well have neglected a basic principle by
continuing to use ﬁens‘bfua.l Age, Hé records that it is now accepted that
ovulation most frequently happens "on or about the 14th day of the menstrual cycle
"and suggests tﬁat the length of-a. pregnancy should be d:efined ag the interval of
the time between cbnception and delivery and should not include a week .when
pregnancy is unlikely and a further week whenl ‘it is almost impessible. He
stresses that no matter how usual or convenient the previous definition is, it is
false and he derides the common practice of discussing, for example, a 20 week
fetus, meaning 20 weeks from conception, f.or a mother who is 22 weeks pregnant, a
eriticism repeated by J ohﬁson and Odell (1973). He suggests that the present
inaccuracy could be overcome by referring to "full term" as being 39 weeks, instead
of tﬁe usual 41 weeks Menstrual Age. In Vthis vay 39 weeks pregnant would be a
valid statement.

Thus the error involved in egstimating the gestational age of the
human fetus ﬁom L.M.P. dates may amount to at least + 1 week even if the dates
for L.M.P. are accurate -(Finnstrom, 1972). This represents a definite error and
perhaps to underline its reia.tive significance, it is disconcerting to find that
conception is possible thro\l.lghnaut the whole menstrual cycle (Hollenweger-Meyer,
1950) and, in fact. Arey {1949) found that there was no day in the menstrual
cycle upon which conception bad not been proved to be possible!

Not infrequently when fetuses become available for study there is
no clinical 'ﬁistcry available and therefore even s gerstationa.l age based upon the

L.M.P. dates of the Mother cannot be calculated.
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Many studies have been undertaken with the aim of providing a
methc.;d by vwhich the géatationa.l age can be detemined from measurements of a
particular dimension or from the degree of differentiation of the fetus (Scammon
and Calkins, 1923; Hill, 1939) and Birkbeck' et.al. (1975) present a detailed
review of the various parameters that may be inv‘ol';'ed.

Crown-Heel length (C.ﬁ.) has been used extensively as a standard
measurement in attempls to relate body length and pre-natal age. Sca@mon and
Calkins (1923) report tha.t previouslsr published empirical formulae are not in
accord with present day figures anti eriticise many of tl%e formlae for being too
‘complicated. In 1923 and 1929, Scesmmon and Celkinsg gave mean post-menstrual ages
of fetuses of specified C.H. lengths using data quoted from Mall (1910). They
report that Mall's observations approximate a parabola and indicate & formula for.
estimating the post-menstrual age in months from the C.H. length in centimetres.
Birkbeck et.al. (1975) bave subsequently observed that the lengths at each age
jare, on average 15 to 20 mm shorter than their own average values. Similarly
the mean values of C.H. length reported by Schultz (1926) are slightly higher
than those reported by Mall (1910) but are approximately 10 mm shorter when
compared with the corresponding age group-s reported by Birkbeck et.al. (1975).

On the other hand Wich (1972) has reported C.H. lengths even higher than those
of Birkbeck et.al. {1975) who themselves suggest that the ages reported by Wich
may be unreliable. |

Crown-Rump length (C.R.) has also been extensifely used as a standard
measurement and Streeter (1§27) gives C.R. lengths of several hundred fetuses for
many of whom post-menstrual ages wefe recorded. A comparispn of his work with
the data of Birkbeck et.al. (1975) reveals that the mean lengths for a given age
compare gquite well although there is & much greater variability in Streeter's data.
This suggests that many of the ages must have been very inaccurate and this is

emphasised by Schultz (1926) whose data agree fairly closely with Sireeter's and
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\raé also derived from the Carnegie Institute Collection. The C.R. lengtﬁs
reported by Wich (i9TZ) show differences similar to those already reported
for C.H. length and it is interesting to note that u.npublished data from Japan
reported by Birkbeck et.al. (1975) indicate mean C.R. lengths which are
a.'pl;recia.bly rshorter than their own at any given gestational age but which h;we
a gimilar degree of mriab-ility. -

An extension of the normal methods used for measuring C.R. length
involves the modern technique of wirasound which allows various fetal
- measurements to be made in utero. Using this method, Rob'inson (1973) claimed
that measurements of C.R. length in fetuses aged from 6.to 14 weeks post |
menstrual age, sﬁov very little scatter vhen plotted against age and that such
measurements accord vell with measurements of the same fetuses made directly
‘after deli.very.‘ '

Similarly Bi-Parietal i)ia.meter measurements (B,P.D.) are commonly
taken using ultrasoumd techniques(Villocks, 1963; Willocks, Donald, Duggan,
and Day;, 1964; Willocks, ana.ld, Campbell, and Dunsmere, 1967; Campbell,1968,
'1969'; Ylostalo 1974; Ylostalo and Jarvinen,1974). Hellman, Kobayashi, Fillisti,
and Levenhar (1969)and Campbell and Newmaen (1971) have reported in.utero
measurements of B.P.D. from as lea.rly as 12 veeks gestation. Campbell (1970)
claims that there is good agreement between ultrasound and direct measurements
over the age range 13 to 25 weeks although the averages presented for each
wveek of gestation by Campbell and Newman (1971) are slightly below the
regréséion line of Birkbeck et.al. (1975) whose material consisted of 187
fresh fetuses in whom L.M.P. dat;s had been very carefully checked. The
variability claimed by Hellman et.al. (1969) and Campbell and Newman (1971}
is lower than that reported by Birkbeck et.al. (1975) whilst the regression
" line reported by Hellman et.al. (1969) is considerably below that of Brkbeck

etd. (1975) and clearly diverges from it with increasing ege. Wich {1972)
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as before, gives B.P.D. measurements of formalin-fixed fetuses which are, in
general, considerably larger than those reported by Birkbeck et.al. (1975) for
& given gestational sge.

Complications concerning the factofs affecting growth have resulted
in some authoré using mean foot length as their measurement whilst ofhers‘have'
used the'max@mum length of whichever'is the larger foot (Trolle, 1948).
Birkbeck et.al. {1975) used the length of the right foot in 55% of their cases and
the left foot in the remainder and théy ju;tified this method by stating that no
systematic difference was apparent’between the lengths of the right and left feet
‘where both couid be measured. fheir results agreed weil with the values reported
by Streeter (1920).

Another traditional measurement of fétal maturity has been on the
basis of birth wveight (Pitkin, 1969) and this principle has been ex£ended into
ihe fetal per;pd so that several studies report a relationship between fetal weight
and gestational age (Stackland and Marks, 1961; Ylostalo, 1974; Ylostalo and
Jarvinen, 1974). Streeter (1920) recorded the weights of formalinwfixed fetuses
and added 5 per cent to estimate fresh weight. His corrected average values agree
very well with the data of Birkbeck et.al. (1975) whilst the values reported by
Wich (1972) are considerably higher than those reported by Birkbeck et.al. (1975).

Other measurements which have been used to estimﬁte fétal gestational
agé include various.limb lengths (Scammon and Calkins, 1929; Krogman,1941;
Olivier, 1969} and X-ray techpiques which have been advocated include fetography
(Daw, 1§73), the length of the fetal spine on a roentgeogram (Fagerberg and.
Roonemaa, 1959; Chﬁng, wQésner, Nakamoto, and Sandefs,_l971), the
calcification of fetal teeth (Lemons, Kuhns,and Poznanski, (1972) the
measurement.of fetal long bones {Brandfgss and Howland, 1967; Martin and
Higginbottom, 1971; Owen 1971}, and the detection of ossification centres (Adair

and Scammon, 1921; Christie, Martin, Wiiliams, Hﬁdson, and Lanier, 1950; Schreiber
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Nichois, and McGarity, 1963; amnlandkhoo, 1965). However Kelly. (1974) records
that since none of theée techniques is consistently reliable and all entail some
degree of risk, many radiologists have transferred their interests to the
application of ultrasound. |

- Irresﬁective of the fetal dimensions selected for measurement a probléﬁ
common to all is the accuracy—of the techniques used for measuring the body
protileé. Schultz. (1926) in = verj detailgd review suggests that.fetal
measurements should corréspond, wherever possible,'to thoée in general use on
adults and his measurements are bas;d on this principle. Schultz. (1929) poses
two questions which should influence the measurements to be used: What is to be
méasured? How is it to be measured? He auggests that end-points should be
determined in an accurate unequivocal manner and stresses that the publication of
measurenents %ithout adequate definition of the methods used is a waste of time.
He reporté that this is,_unfortunately, a very frequent occurrence and adds weight
to his criticism by noting that no measurement is of any interest by itself and
is intended for comparison either with the measurement of the same structure in
another animal or with other measurements in the same animal. Trolle (1948) suggests
that the lengths mmst be well-defined, simplé, and easy to measure although he
does not conform to this practice even in his own writings. Schultz (1929)
supports the development of unification of measurements in physical anthropology
by international egféement and stresses the importance of such wsrk, for example,
by Hrdlicka(1920L The measurements developed by Hrdlicka(1920) however, were
mainly designed for_studyiné man after birth and for pre-natal growth certain
minor alterations, fhich were unavoidable, were made and reported by Schultz (1929).
Reicher (1923) reporting on the differences in techniques used by several authors
comments that such differences mean thait the data cannot be compared, whilst in
addition he also eriticises many studies for possessing too little material.

Schultz (1929) suggests that the definition of a particular measurement
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must include some reference to the orientation of the specimen and stresses
that all specimens should be in the same position. With particular reference
to the fetus, Schultz (1929) records that the limbs can never be completely
extended and this is particularly true of tﬁe leg and the thigh which-cannot be
brought completely into line. On such material therefore, it is impossible to’
measure the tptal length of the limbs or the height of the body and, om this basis,
Schultz - (1929) is very critical of the measurement of C.H.length. Schultz (1929)
also suggests that all measurements should be taken on the same side in case of
any systematic discreﬁgncy and sugg;sts the adoption of the left side for this
Pprocedure. . - |

No measurement should be considered as final until the investigator
has controlled the accuracy by measuring the s;me specimen repeatedly until his
measurements are identicel (Schultz,1929). This is particularly applicable to
the fetﬁs for qfter‘preservation there is no problem of movement during measurement
‘and therefore it will be.thought possible that landmarks can be determined with
rather greater accuracy than in the living subject. Scammon and Calkins (1925)
cpﬁfirm.this gpproach by noting that the error of measurement for a living specimen
is great;r th;n that f;r a fresh specimen, wﬁilst that for preserved materisl is
least.

" A certain proportion of the discrepancies between repeated measurements
taken on fetuses 15 due to the effects of the method of preserva{ion vhich may
swell or shrink the delicate fetal tissues to a certain, albeit limited, extent
(Jackson,1909; Schultz, 1919). Scammon and Calkins (1929) also examined the
effects of formalin on fetalﬁdimensibns and found thet they may vary accofding
to the dimensiom measured, als; with the method of fixation,'and with time, bqt
Reicher (1923), and Birkbeck et.al. (1975), bearing these results in mind, suggest
that they are minor with respect to the dimensions under discussion. Schultz (1926)

suggests that the use of relative lengths would overcome this problem.
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Unfortunately however, the data from allthese various types ;f
studies suffer from th; difficulty of equating fetal dimensions or degrees of
differentiation with the actual time of congeptian vwhich can rarely, if ever,
be exactly established. Perhaps even more unfortunate is the fact that most of
these .s‘budies do not give any st.a.tis‘ticaI evaluation of their results (Sga.mmon.
and Calkins, .1929) and, in pa;ticulaf, very few investigators include a wvalue for
the standard deviation about the regrqssion line they have calculated thus making
it impossible to establish confidence limits. This particular criticism
unfortunately mist be levelled at most of the early investigators such as
'Friedenthal (1914), Arey (1949), and Hamilton and Mossman (1572), whose graphs
and tables have been repeatedly reproduced in many general text books on this
‘subject. - As valuable as their work has been, meaningful estimates.of fetﬁl age
cannot be made ﬁnleﬁs indications of the deviation or error involved are also
available. An-example of earlier work where confidence limits are expressed is to
be found in the modification of Boyd's monograph produced by O0'Rahilly and Meyer
(1956) whére the unusual confidence limits of 82% are expressed which represent a
deviation of + 25 days at 150 mm Crown—Rump_iength. This study also demonstrates
that the deviation about the regression line is not constant for the ranée of
material studied (Willocks, Donal&, Duggan, and Day, 1964; Campbell, 1969;

- Campbell and Newman, 1971). Several more recent papers include statistical
data in their contents (Birkbeck et.al., 1975).

In some studies cogparisons have been made between wvaricus methods for
estimafing gestational age on the basis of the more commonly celculated 95%
confidence limits. This type of co;parison however is only valid where the age
distributions of the two sets of material are identical (Finnstrom, 1972). This is
because the breadth of the confidence limits is dependent both on the age
distributiun of the material studied and the correlation coefficient between the

two variables (Finnstrom, 1972). Thus great care must be taken when evaluating
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the various methods of determining gestational age.

In gome studies the confidence limits have also been wrongly
interpreted (Brody, 1960; Kirschaum, 1962). These studies claim to have reached
fhe uppermost limit of precision in estimating gestational age since their 95%
eonfi&ence limits for estimatiﬁg agé (from the mean value of fetal haemoglobinj
are close to_the 95% confidence limits for the duration of pregnancy. The
problem however.is that these two confidence limits actually refer to different
phenomena and so cennot Ee compa;ed. One set of confidence limits reflects the
Precision of the method for estima;ing gestational age, whilst the other set
’represents the natural range for the duration of pregnancy (Pinnstrom, 1972).
| Finnstroml(1972) in & review of the gvailable literature concerning
methods available for estimating the gestational age in new born infants, compared
and constrasfed the 95% confidencé limits of 16 methods which incorporated either
& single-variable or a pombinamion of va¥iables. The range extended from:

1) B.P.D. + 34 days
to

2) External characteristics and neﬁrological examination + head
circumference + femoral epiphysis + motor conduction velocity of

ulnar nerve - _
+ 19-5 dﬂys

The values he gave for the combinatiom of methoés vere -those in which
the variables entered the multiple regression at significant P-values (P<0.05).
In this way he was able to decrease his confidence liﬁits by ¥ 9.4 days by using
the combination of the £ive methods above instead of birth weight alone which
had the lowest confidence limits of the single variasble methods with : 28.9 days.
He reduced his confidencé limits still further by either selecting only those
infants above the 10th percentile by weight or by using only males or females.
Finnstrom edded that it was difficult to evaluate the results of most of these

studies because there is always a tendency %o over-estimate the accuracy of
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" determining gestational age. He stressed the need for studies in which different
methods for estimating maturity are applied to the same material which would thus
make it easier to compare different methods.

Althoﬁgh many graphs bgsed on larg; numbers of observations have been
constructed inAorder to providé afefages, the absolute size of neither fetus n;r
embryo gives a reliable indication of its true age or stage of structural
organisation (Warwick aend Williams, 1973)f The relatively wide biological range
of variation in normalit& limits the ;ccuracy of prediction models (Finnstrem,

1972; Robinson, 1973). There is e;ery reason to believe that there is true
'variationinldevélopment among infants of the same gestational age and O'Rabilly

and Meyer (1956) criticise measurements of fetal length because it is apparent from.
the publications of Streeter (1951) that there is considerable variation in length
among human fetuseé of- the same developmental stage . Studies on Motor-Conduction A
velocities and_neurolog?cal development in particular, in infants whose mothers
could state the probable day of conceptioﬂ, support this (Blom and Finnstrom, 1971).
The extent of this variation is not kmown but experiments such as those mentioned
aﬁove and experiments concerning the development of twins, suggest that it
corresponds to at least + 1 week (Cope and Murdoch:, 1958; Fimnstrom, 1972).

Taking the error inherent in the estimation of ggstaiipnal age from the
~dates of L.M.P. together with that attached to natural biological variation it
appears that a prediction model for estimating fetal age which is based upon a
aingle variable will probably not permit precision in the estimation of ¥ 2 weeks
or even less, as has been ciaimed by several authors. (kirschaum,l962; Fallkmer,
1966; Dubowitz, Whitaker, Brown, and Robinson, 1968; Dubowitz, Dubowitz, and
Goldberg, 1970). A single variable prediction model which can be empirically
shown to estimate gestational age to within 3 weeks for all but a few infants can
be regarded as satisfactory (Finnstrom, 1972). Results of tests however have

indicated that it is possible to obtain a precision in the age estimation of



; 2} weeks for 95% of the fetuses but only when using a combination of variables
(Finnstrom, 1972). This is supported by Kelly (1974) who suggests that with
several methods available it is elways best to rely om a battery of tests rather
than only one or two. Evidence which gives- gsome indicetion of the problems in this
area is provided by Trolle (1948) who reported that tables purporting to repre;ent
similar estimates were not quite parallel and the discrepancies must be
representative of the variabilities involved.

Petal growth is the final common expression of the interaction of
many, different forces. It is only’in recent years that the verious systems and
mechanisms invoived have begun tﬁ be fully appreciated ;nd several factors have
been revealed which can directly affect the progress of fetal growth (Anson,1966).
These must‘therefore be kept inp mind when coliecting fetuses for study. If fetal
weight is taken as an indicator of fetal growth then it becomes pessible to compare
studies which have investigated these factors, although it must be realised that at
present, many of these studies have been restricted to the perinatal period.

Environmental factors can includeethnic origin and the mean birth
weights can vary to an extraordinary degree between different populations (Schultz,
1926; Birkbeck et.al., 1975). Even within populations, marked secular éhanges can
occur (Ounsted and Ounsted, 1973) and this may be related to the comsistent
finding that pregnancy at high altitude substantially slows the rate of intra-
uterine growth (Ounsted and Ounsted, 1973). In our own British society, social
class, which is often considered as a factqr affecting growth, tends to be an
inconstant variable within a family and has been shown to be markedly unstable
over the generations. Thefefore it is now considered a doubtful measureﬁent
for biologicﬁl studies (0unsted and OQunsted, 1973). |

Maternal factors per se can effect fetal growih and disease and illness
wey be particularly important. Although the prevalence of diabetes mellitus is
low nevertheiess it has been shown that its presence usually enhances the growth

" rate of the fetus {Ounsted and Ounsted, 1973). Using ultrasound however it has
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been'shown that with the fetuses of diabetic mothers the normal standards for
B.P.D. and gestational age and rate of growth hold true through to the 37th week
of pregnancy and it is only beyond this tiqe that the greater size and rate of
increase makes the correlation less reliable (Kelly 1974). Cardell (1953)
sugge;ts that this difference only becomes apparent in fetuses delivered after a
gestation length of 28 weeks.or more.and this is supported by Hsia and Gellis
(1957). Cardell (1958)vhas shown that fat, oedema, and size of body organs are
not important considerations. Vitp hypertension and pre-eclamptic toxaemia,
Kelly (1974) reported that the B.P.D. as estimated by yltrasound was retarded in
50% of the fetuses although opinion on this matter varies greatly (Ounsted and
OQunsted, 1973). Among other maternal agents which may affect fetal growth is the
habit of smoking and there are many studies which have shown that smoking by a
pregnant woman reduees the growth rate of her fetus (British Medical Journal, 1973;
Qunsted and Ounsted, 1973). Regarding age and parity Qunsted and Ounsted (1973)
believe that any pogitive associatians between fetal growth rate and maternal age
per se ma& well be spuriocus alfhough the Perinatal Mortality Survey Data ( Butler
snd Alberman, 1969} clearly show that second and subsequent babies grow faster than
the first. A number 'of suggestions have been put forward to explain this increased
rate of fetal growth rate with increasing parity and they include differences in
fetal environment such as enhanced efficiency of uterine circulation in second and
subsequent pregnanci;s (Ounsted and Ounsted, 1973) coupled with a change in
immnological factors whereby the mother becomes sensitised to paternal antigens
(Ounstea end Ounsted, 1969). Warburton and Naylor, {1971) however confuse the
issue by reporting that afier a paternal change there was no increment in birth
weight or placental weight. Purthermore increasing the parity after the first
birth did not appear to have much effect upon fetal growth rate (Ounsted and
Oﬁnsted, 1973). Several studies have shown a positive asgsociation between maternal

stature and birth weight (Ounsted and Ounsted, 1973) but this factor might well
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be incorporated as a genetic factor which may be associated with normal
biclegical variatiop. The presence of a multiple pregnancy has also been shown
to dramgtically influence the growth of the individual fetus snd in additiom the
gender and zygosity of fotuses in & multiple litter may have a subtle influence

on the growth rate (Ounsted and Ounsied, 1973)

¢ e —

An :mportant factor affectlng the rate of growth in the fetus

is 1t§ %%{- r hafe ¢rtva£" hﬂVC heen found to grow fagter thin females sud
on average weigh 150g. more at birth {Cunsted and Ounsted, 1973), whilst
Finnstrom (1972) was able to reduce his confidence limits by using only males or
femaies for his regressiom equation. . Surprisingly however Trolle (1948) vho
~determined the sex of 158 cases of spontaneous sbortion found that after the
third month significantly more male than femﬁle fetuses are sborted. | In addition,
many congenital abnormalities cen influence fetal éfowth rate and although they
may be cdmparatifely rare, there are meny syndromes im which tlhe inéidence of
children with at least one mejor malformaticn evident at birth or soon after,
(stillbirths inciudedl is of the order of 15/1000 total births . (Ounsted

and Ounsted, 1973}. More often however it is the less dramatic but neveriboless
equally effective infections such as rubella or syphilis which may reduce fetal
growth rate (Ounsted and Ounsted, 1973).

Thus, there are many factors whether they be environmental, maternal,
or fetal which can effect the growth of the fetus in utero and consequently have
40 be borne in mipd when selectling a sample upon whicﬁ to base measurements of
various fetal parameters.

The complicatioms surrounding the accurate ageing of the human fetus
has'led to some sbudies, such as Forbes (1951) and Moss, Noback, aud Robertsom
(1955}, stressing the importance of relative growth between bones and the
development of differential growth analysis in the study of human growth, altvhough
Schwltz {1929) argues that few proportions or indices are of interesl by themselves.

Similarly Noback and Robertson (1951) noted the times of appearance of
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essification cantres_in terms of a body dimensiom as they consigered this

to be the most accurate estimate of fetal age possible. This‘method of ageing
hag a great deal to commend it in terms of simplicity and accuracy. Streeter
(1951) made an excellent attempt to overcbme the probiem of ageing and developed
his now famous Horizons in Human Embryos where he abandoned the idea of |
chronological ageing and assessed the maturity of the embryos, planning to
establish 25 stages of development or "horizons". He later decided that stage
23 would mark the ending of the embryonic period because the end of this stage
is.clearly defined by the onset of marrow formation in the humerus. These
"horizons" have been used extensively in embryonic work(Gardner and Q'Rahilly,
19683 Gray and Gardner, 1969; Windle, 1970} and it is unfortunate that no

similar system exists for the fetal period since this would reduce many of the

forementioned problems.
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THE SUITABILITY OF RADIOGRAPHY AS A METHOD OF STUDYING

"FETAL SKELETAL DEVELOFPMENT

The prenatal development of the human skeleton has heen described,
illustrated, and recorded in considerable detail by many authors using various
techniques;‘ these include:-

1} Clearing of the soft tissue (Mall, 1906; Horand, 1908) followed by
staining with alizarin-red S (Augier, 1931; Teissamiier, 1944; Noback and
Robertson, 1951; ﬁelts, 1954).

2) Radicgraphy (Jonata, 1938; Hill,1939; Flecker, 1942) prefefably after
silver impregnation (Sullivaﬁ, 1930; O'Rahilly  and Meyer, 1956; Kjar, 1974).

3) Serial sectioning - used to a limited extent for slmll, vertebrae, and |
limbs. (Zawisch, 1953; 1954; Grey, Gardner, and OfRahilly, 1957;- Gray and
Gardne¥, 1969; Babler, 1975).

4} Gross dissection.

| Many of the earlier investigalors ranked the techniques in the following
order of usefulness:—

1) Serial sectioning.

2) Clearing, with alizarin-red staining.

3) Radiography.

4) Gross dissection.

(Noback and Noback, 1944; Noback and ROberfson, 1951; O'Rahilly and Meyer, 1956)
and they based their judgement on the length of time between the first appearance
of a centre of ossification and.when it could first be recognised by a particular
teéhnique- Itadiography, in particular, did not rate very highly in the opinien
of the early investigators. TFor example, Mall (;906) using the alizarin-red
technique was able to demonsztrate the presence of the parietal bone at Crown~Rump
Length (C.R.} 31 mm whilst Hill (1939) using radingraph& was only able to
demonstrate its presence at C.R. 194 mm. Whilst this is possibly an extreme

example, Hess (1917) reported that the time difference in detecting the first
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appearance of an ossification cept;e using a serial histélogical sectioning
technique as compared with radiography was approximately one week and he obtained
tpese results using the two differént methods on the same fetuses. Hé did got
condemn radiography outright however, and suggested that:-
"the roentgenographic method is undoubtedly capable of much greater
refinement by further studies and observations." (Hess, 1917).
Before 1956, radiography was considered to producé unsatisfactory
_ results during early fetal life because of the léck of sufficient radioqopacity,
althoggh the method was simpler ané quicker thaﬁ'either cleaiing.or serial sectionin
The current feeling was that radiological estimation of fetal maturity was virtually
useless and that an estimate was correct to within only 5 or 6 weeks. Harﬁley
(1957), who reports the popular feeling of that time, #as however at variance with
such opinion and conﬁucied experiments using a high standard of radiography *ﬁich
vas designed to reveal fetél morphology in éreat detail. He was able to show
clearly that a very real and steady patte¥n of bony and epipﬁyseal development
does exis; in the human fetus and that this development is easy to recognise, a
fact confirmed by Noback and Robertson (1951) and O'Rahilly end Gardner (1965).
This is in contrast to the studies of Stevenson (i924) who warned against the use
- of radiographs because they were merely;
"a confusing medley of shadows" (Stevenson, 1924).

Hartley (1957) stresses £hat a definite pattern of fetal skeletal
development.is only demonstrable in radiographs produced specifically for this
purpose, and that a precise estimate of fetal maturity from radiographs taken for
other purposes will often prove impossible. This reservation must be applied
particularly when the removal of different paris or organs is coﬁtemplated since
Noback and Noback, (1944) reported striking differences in ﬁhe relative seasitivity
with plearing before radiographing and O'Rahilly and Meyer (1956) found that

the centrum T9 became apparent radiographically after removal of the viscera. '
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Hodges (1953) thought that the demsity differences thro?ghout the whole
fetus are so slight that there is a risk of error in recognisiﬁg the earlier
ogsification centres. Since the 1920's his Department had been employing heavy
metal salt impregnation to increase the radiclogical dénsity of various tissues
and, bafing discarded lead nitmte, after several trials they selected silver .
nitrate as‘£eing the more suitable. Hodges (1953) records that after 2 or 3 days
immersion in 0.5% acqueous silver nitrate, there was partial replacement of the
caleium by silver in the terminal portions of the primary ossification centres,
perifheral portions of the epiphyseal centres, and eventually throughout all parts
qf the calcified skeleton, with only a little silver being deposited in the soft
tissues when immersion was continued still longer. His illusgtrations of the results
of this techpiqne demonstrate the quite dramatic improvements in the radiolegical”
image which can be.obtained and the technique hes the added attraction of not
involving the destruction of the soft tissues. However, Cameron (1930} concludes
that silvér nitrate is not & test for calcium or phosphate. His enquiries into the
histological tests which are commonly supposed to indicate calciwe salts, showed
that there is intense reduction of the silver throughout the bony areas, a
reaction vhich completely disappeared with decalcification. He found that the test
only gives a demonétration of a depesit of inofganic material which is in fact in
most instances composed of calcium phosphate or carbonate, with the black reaction
being given by a variety of so0lid deposits of which the anion is more important
than the metal. This lack of specificity has been acknowledged more recently by
O'Rahiily and Gardner (1972} and_Cook (1974) although Pearse (1953) notes that
the test is-usually regarded as being specific for calcium because the insoluble
phosphates and carbonates that are present are nearly always those of calcium,
end Bancroft (1967) suggests that this must alwﬁys be borne in mind.

Cameron (1930} similarly critised the method of alizarin-red S staining,
He found that alizarin is very nearly a specific stain for calecium which reacts

readily in vivo and in vitro with recently deposited calcium phosphate or carbonate,
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normal or pathologic, but which often fails to stain older depogits, thus limiting
its usefulness. Cameron (1930) comments that the method is fai;ly selective for
the staining of the bones which constitue the most important depots for camlcium
salts, and records that the'alizarin reqches the deposit by way of the tissue

fluids where it unites with any calcium that is available. However, he aclmowledges
that most areas of calcification are extremely complex in structure and that calcium
itself makes up only a portion of the deposit; This lack éf specificity for the
demonstration of calcium is again reported by O'Rahilly and Gardner (1972).

To agsess the discrepancies found between the variousAtechniques used to
study the onset of prepatal osgification, Meyer and 0'Rahilly (1958) used threé
different methods on the one specimen; clearing followed by stgining with alizarin-
;ed S, radicgraphy after silver impregnation,land gserial seciioning. Four human
fetuses were ﬁséd and these were bisected in the median plane, one half being
cleared and stained with alizarin-red S whilst fhe other half was.impregnated with
silver and radiographed. Also this latter half was subsequently sectioned and
stained., Thus the onset of ossification could be compared using different techniques
on the assumption that the rate of oasific#iion is similar on the two sides ;f the
Body. As had been anticipated, histological examination of the serial sections
yielded results superior to the other itwo methods because bone as a tissue can be
most critically defined using histology. It is interesting to note that the
photomicrographs showed that silver deposits had occurrgd not only in the
circumferential osseous areas.but also in the cartilage in the centre of the shaft
vhich presumably had been alcified.  The deposit of silver in the ossified tissue
was found to be confined to the bone first laid down and, therefore, there was a
silver~free osseous area, which stained blue, in'a sub-periosteal position around
the middle of thé shaft. This blue area covered the silvered area but also
extended further both proximally and distally. Their results using the alizarin-red

S technique appeared to be slightly superior to those uof the radiographic method
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with several middle phalanges of the hand being made visible, a result which
agrees well with their previoué work (0'Rakilly and Meyer, 1956). Kjar (1974)
however, used & higher concentration of aqueous silver nitrate (10%) and found
that all miner;lised tissue showed silver impregnation whilst there was no
impregnation found in non-mineralised tissue. These results are contrary to
those of Meyer and O'Rahilly {(1958) and SUggest.that this technique requires
further investigation in vieﬁ of the many factors which may influgnce it as
discussed by Mche-Russell (1958). Meyer and O'Rahilly (1958) also consider

the type of ossification that is demonstrated by each technique. The initial
osseous deposit around the cartilage of the long bones is intramembranous and
becomes the periosteal collar. After a delay of sgtween 1 and 5 weeks in the
hand (Gray, Gardner, and O'Rahilly, 1957) and sometimes more in the foet, vascular
invasion of the cartilage-by the éeriosteal bud taﬁés place ;nd_it is only after
this eyent that endochondral ossification commences, a result confirmed by Babler
(1975). The results of the histological examinations of their sections by
Meyer and O'Rahiily (1958), to determine which had undergone vascular invasion,
showed that alizarin and radiography do not demonstrate the onset of erndochondral
ossifica%ion. Rather their first positive reac£ion was found to coincide fairiy
closely with the laying down of the periosteal collars and Meyer and O'Rahilly
(1958) consider that in the strictest sense this éhould not be regurdéd as a
centre of ossificatioﬁ.

Very few writers commit themselves as to what-they meaﬁ by ossification
centre and Zawisch (1956) considered tye terms "centre" and "nucleus" as
applicable only in the cage of endochondral ossification. This interpretation
is confirmed by Ham (1957):

"When the osteogenic cells, osteoblasts, and capillaries of the periosteal
bud reach the interior of the mid-section of the cartilage model, they are said
to constitute a centre of ossification.”

Meyer and O'Rahilly (1958} therefore believed that only with the advent of the
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onget of endcchendrgl ossification may & CENTRE of ossificatiog be said to be
present.and they concluded that histoiogical examination is necessary in order to
detect this phase. .

From a clinical point of wview, only radiogr;phy can be ,apﬁlied to
study the onset of ossification on the living fetus, but unfortunately radiography
of a fetus in the first half of p?egnancy is not common. Hartley (1957}, Bishop
(1965), and Russell (1973) record that the fetus is not visible radioclogically
until the 10th week of pregnancy and until the 13th week it camnot be consistently
i&entified. . The parts wvhich can be identified at this time are skull-bage,spine,
~and the lateral margin of the rib cage but the centres can easily be obscured for
example by maternal features such as fecal material and Bishop (1965) therefore
believes that negative findings must be interpreted with caution. By the l4th -
week Russell (19%3) states that the fetﬁs should be readily recognised and at
this time the skull vault and lomg bones are alo identifiable. Between the 14th
and 26tﬂ weeks a subjective agsessment of fetal maturity can be made from its
radiological appearance (Hartley,1937) although Russell (1973) does not suggest
the ﬁsé of any particular standards to be ﬁsed for this assessment.

Antenatal radiography, bhowever, carries with it certain hezards
{Stewart,Vebb, Giles, Hewitt,1956; Bishop,1965; Schwarz,1968) some of which may
be very serious, for example an increased risk of leuksemia or other abnormalities
(Russell,1973). 'However,.it is only in obstetrics that the use of diagnostic
X~rays has been materially curtailed because of fear of fetal damage (Hartley,1957)
although it has been realised for a iong time that radiation mﬁy cause. tumours,
particularly of the skin., On the other hand, Russell (1973) and Russell and
Pritchard (1975) report that since the originmal paper of Stewart et.al. (1956)
improvements in radiographic techniques have led to a 30-fold reduction in the
fetal dose and, although the risk of genetic demage from antenatal radicgrophy

is normally small, it does not add appreciably to the hazards to which man's
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chromosomes are already squected; On theoretical grounds however, there is
an increased genetic risk present from irradiation in early pregpnancy, including -
the time aroupd cénception, vhich has caused the deyelopment of the "10-day"
rule in the radiographic examination of women (Schwarz,1968). Furthermore,
it has been shown that irradiation of animal fetuses during early pregnancy may
result in a failure of normal development of the fetus, and it has been ciearly
demonstrated that the abnormalities which occur are related to fhe stage of
devélopment of the fetus at the time of exposure (Bishop,1965; Schwarz,i968)=
Russell (1973), summarisiné the available evidence, concludes that the hazards
of antenatal radiography seem acceptable provided radiographic examination is
cléarly indicated.

Carmichael and Berry (1976) conducted a survey of the current.practice
ofvradiology in late pregnancy and in neonates in the United Kingdom. They
found that up to 34.8% (average 23%) of all pregnancies were still X-rayed as
well as up to 10% of neonates, and warned that time has dulled the earlier wernings
of Stewart et.al. {(1956). Russell (1976) shared the desire of Carmichael'ani Berry
- {(1976) +o reduce the fetal—rﬁdiography—raté but stregsed tﬁat it is often only
in retrospect that radiography is found to have been unnecessary. Russell (1976)
" records that using poor éechnique, one film could represent an X%ray'exposﬁre
forty times larger than need be used and suggests the introduction of low-dose
techniques. Hobbins end Taylor (1976) report that fetal-irradiation is less
than 9% in the Yale-New Haven Hospital-and stress the desirability of avoiding
all irradiation dﬁring pregnancy. In its place they advocate the development
of ultrasound techniques but record that it is virtually ungvailable in Britain

except for a small number of centres, a fact supported by Swinhoe (1976).

- 31~



PRE-NATAL OSTEOGENESIS

.Minéralisation is only oné of the stageé in the process of ossification
and is a process that is fundamentally similar wherever it occurs (Gardner,1971).
It has been the subject of many investigations and Gardner (1571) gives a
comprehensive summary of the relevant literature and a very lucid description of
the stages involved. |

A1l bones begin as mesenchymal condengatigns and where these
condensations are mainly fibrous or membranous, the intramembranous ossification
that occurs forms "membrane bones”. Many bones, especially long bones, however,-
pass through a stage of chondrification which prodﬁéeé_a cartilage model, before
periostegl and endochondral ossification finally takes place and results in the
production of "cartilagé bones". Gardner (1971) believes that it is the environment
vhich determines the type of ogsification that occurs.

Bick (1952) believes that a propef understanding of the progress of
events occurring during osfeogenesis of the human vertebra has be;ome increasingly
desirable but has n;t,as yet, réceived adéquate attention. His study involved
the investigation of the histology of the developing human vertebra ranging from
& 14 wveek old felus {0 a 9 year old female, but in his report he does nol say
vhich particular vertebrae he investigated. Sensenig {1949) considers this to
be a very important point because the somites form in a craniccaudal direction
and because of this there is an axiel gradient éf vertebral differentation, which is
plready under way in the cervieal region-. before the cauda.i somites are developed.

. Because of this gradient Sensenig (1949) emphasiseé that in a single embryo it is
possible to study in a croniocaudal direction successive stages of development
of the vertebral colwmn.

In & 14 week fetus, Bick (1952) found that the body of the‘vertebra wAS

composed chiefly of early connective tissue with cartilage cells forming the centre



of the area. Both the nucleus pulposus and annulus fibrosus of the vertebral

discs were found to be already in their'proper positions relative to the vertebra
and the anterior and posterior longitudinal.ligaments, which presumably will play
an important role in the maintenance of vertebral stabiiity'were also-found to be
visible and well developed. In a 15 weel fetus, Bick (1952) found that the
cartileginous field had enlarged and cplcified with the first evidence of formation
of osteogenic tissue being found at the centre around advancing blood vegsels, an
association which he particularly stresses. The cartilage mass was found to have
expanded but stiil occupied only about half of the vertebral bedy. By lé weeks,
the osteogenic centre was found to be well formed witﬁ the ossified area beginuing
£o exhibit signs of *trabeculation but still péssessing the irregularity and grsater
vascularify of primary bone. In a 25 week fetus the ossification centre had
extended to the edge of the body on each side of the vertebra, but, as yet, no
appositioqal bone had appeared from the periosteum or perichondrium of the vertebra
1o supplement the endochondral growth. At this time columms of cartilage cells
also made their first appearance at the extremities of the ossifying mass forming
what Bick (1952) described as true diphysealhplaieé which were synonomoué with
epiphyseal plates. In mamnals Bick (1952) explained that these diaphyseal plates

| are the equivalent of epiphyseal cartilage in-a typi;al long

bone, such as the femur, the difference being functicnal and not histological.

Bick (1952) found that neither at this stage nor any other does an epiphysis form
beyond the diaphyseal plate in the human vertebra. In a 3 day old post—-natal male
Bick (1952) found that the ossifying cenfre was well-formed with the trabecular
structure assuming a predominantly vertical oricntation which he belie&es to be

in anticipation of the impending assunption of orthograde posture. Furthermore

he believes that this must of necessity be the result of stresses and strains
preduced by normal fetal muscle tone and relates the progressive increase in

trabeculation by 3% years of age to lccomoter activities such as sitting up; walling
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and running.

Ossification of long bones in the limbs and development of the intervening
joints has been the subject of many investigations (Gardner and Gray, 1950; Gray
and Gardner, 1951; Gerdner ana Gray, 1953; Gray, Gardnér, and O'Rahilly, 1957;
Gardner, Gray, and O0'Rahilly, 1959; Gardner and O'Rahilly, 1968; Gray and Gardner,

1969; Gardner and Gray, 1970; Gardner, 1971; O'Rahiil& and Gardner, 1972).

Gray and Gardner (1969) realised that a detailed reﬁort of the
histogenesis and ossification of the human humerus from the time of its first
appearance to birth was not available although a thorough search of the literature
had reveasled fragments of the total picture. They therefore studied 40 pairs of
humeri from a series of human fetuses which ranged froﬁ 26 mm td 342 mn C.R. length
anq radiographed each bone. They silverized all the right humeri and then
radiographed these again but because the radiographs did nof show endochondral
ossification until 69 mm C.R. length, longitudinal sections were used to aid the
identification and alsc to measure the iength of the ossified shaft. By the end
of the embryonic period, they found that the shaft is surrounded by a bony collar
which was present in their youngegt specimen of 26 mm. In their 27 mm fetus this
primary bone collar had extended to include i/%d of the length of the humerus
and this collar was not found to be visible radiographically. At 34 mm C.R. length
tﬁe erosion of the bony collar by the periosteal bud marked the end of the embryonic
period according to Streeter's (1951) classification and endochondral ossification
was found to have begun by 37 mm. Until about 150 mm C.R. length, the periosteal
Qone foymation was Tound to extend approximately 1 mm. beyond the zones of cartilage

"destruction and after 1530 mm the extent of both periosteal and endochondral
ossification was found to be the same. ‘In their smallest specimen of 69 mm C.R.
length in which ossification had been.noted radiogrﬁphically, nearly one half of
the humerus was found to be occupied by the endecchondral bone and somewhat more
of the shaft was found to bé ossified when extensions of the periosteal bone as
seen histologically were considered. This fraction increased until term, when

almost 4/5 consisted of bonc.
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Gardner and Gray (1970) in anothér paper of their extensive series
of observations on fetal ossifiCatioﬁ, subjected the human feﬁurito an investigation
gimilar to that for the humerus. | The major differences appear to be that the
humerus can precede the femur at times in its state of development and that the
femur has been studied by more investigators than ig the case with the humerus.
Gray and Gardner (1950) found that a primary bone collar was forming in the
.femu; of an embryo of 20mm C.R. length whilst O'Rahilly, Gray, and Gardnmer (1957}
and Gardner and O'Rabilly (1968) found it to be present in Streeter's stages 22
and 23 (1951), baving changed their method for fetal ageing. Gardner and Gray
{1970) found that their smallest specimen in which ossification was noted
radiographically vwas 61 mm. and Garduer and Gray (1950) noted thatthis
ogsification hes almos% reached the neck of the femur by 85-95 mm C.R. length.
Several ﬂactofs are known to affect ossificetion but tkhe studies upon
vhich the conclusions are based are mainly concerned with postnatal life, The
literature on factors affecting antenatai onification appea#sto be comparatively
limited.
"~ Pryor (1506) &emonstré.ted that the bones of the female ossify in advance of
" the male and Pryor (1923,1933}, conéinuing his earlier studies, examined 140
" fetuses ranging iﬁ age {rom 10% we;ks to 38 weeks which included 71 males and

69 forales. He founq cgn#res of ossification in the distal epiphyses of the femur'
surprizingly as early as 25-30 weels in femeles and in the rather later stages

of pregnnnc& {3040 veeks) in males and thercfore concluded that in the embxyo

and throughout iﬁtra—uterine developmsﬁt the bomes in the femsle are in advance

of the male. Turthermore g concluded that this difference increagses progressively
from days to weeks to months and that such advances are taling piace even before
exte;nal sex-differentistion can be determined, Hill (1939) states that it is-

in the seventh fetal month that skeletal differences between male and female

fotuses can be observed and Flecker (1942) notes that the priority of the female

fetus is clearly marked. After birth there is abundant evidence that ossification
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in the female is in advance of that in the male (Mences and Holly, 1932;
Dunham, Jenss, and Christie, 1939; Christie, Dunham, Jenss, and ﬁipple, 1941)
with perhaps the most conclusive evidence being shown by Cope and Murdoch (1958)
vho found in a study of twins sharing the ;ame period of gestatiom that the
female is more advanced than the male. Warwick and Williams (1973) summarising
the available evidence conclude that in all gtudies up to that date the female
antedates the male and that the difference, although apparently trivial, aﬁd
perhaps insignificant before birth, becomes progressively greater thereafter,
whilst Gardner (1971) suggests that there might well be a sex difference in the
onget of ossification but this rémains to be determined.

Garn, Burdi, and Babler (1974) however, record that in earlier work
they found male advancement im primary dentition rather than the anticipated
female advanéement. Intrigued by this finding and realising that, during the
first tfimester, female advancement is not definitely acknowledged possibly because
of lgck of sex specific embryologiéal data, Garn et.al. {1974) looked at the
developing hand, They used two series of embryos all between 15-75 mm C.R. length
and all clearly identifiable as to sex by histological examination of gonadal
development. Tineir results showed that when comparing hand development of male
and female embryos of the same size, male advancement was seen to be a consistent
feature, primarily ip the 15-30 mm C.R. range, and they concluded that there is a
rather large sex difference in early development and developmental timing of the
hand skeleton. Their fiudingéiare contrary to other postnatal findings butl
are consistent with_palatal-closure and early prenatal dental development. The
gignificance however is primarily bétween 15-30 mm C.R. lengjh and although there
is 8 gsimilar trend between fetuses of 30-70 mm C.R. length it is less significant.

Several studies have shown that factors other than sex, can affect
ossification. Dunham et.al. (1939) and Christie et.al. (1941} conclusively

demonstrated that not only sex but alse race ig of the utmost importance in the
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appraisal of the ogseous pattern of new born infants. Francis and Werle (1939)
have shown thet epiphyseal ossiiiéation is a more sensitive indé; of consztitutional
health than is progress in height or weight and also that ossification shows the
greatest retardation with severe or prolonged illness, although Hill (1939)

bas suggested that the protection against nutritional deficiency and illmess as
afforded by prenatal existence may lead to the vériability in the dates of
appearance of the ossific centres not being as marked as in infancy. Cope and
Murdoch (1958) have shown conclusively in a study of twing that an individual
variation in appeafance exists and other studies have stressed that heredity,
race; gex, nutrition, endocrine sécrefions, and disease may &ll be iﬁportant
factors affecting the timing of the initiel appearance of ossificatiom centres
{Shelton, 1931; Sidhom-aqd Der;y, 1931; Clark, 1936;, Noback, 1944; Elgenmark,
1946; Christie, 1949; 0'Rahilly and Meyer, 1956; R&gn and Berry, 1972; Warwick
and Williﬁms; 1973). 0'Rahilly and Meyer (1956) have suggested that when
ﬁttempting to relate these factors to antenatal 1life a major obstacle is the

difficulfy in obtaining sufficient information and data for a particular fetus.
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MECHANICAL FACTORS AFFECTING OSSIFICATION

The capacitj of living ﬁong to adapt its st?ucture to meét
mechanical demands bas been known for a very long time (Bassett, 1966) and
according to the elassical theory of functional structure of bone which was

developed by Wolff {(1892) bone is laid down in iés gross form ag well as in
minute architecture in accordance with a "maxiamum-minimum" law. This law states
that as a result of functional adaptation maximum efficiency is achiéved with a
" minimum of materiil, but several variations of this law are reported (Pelts,
1959;-Bassett,'1971). Jansen (1920) étated the-law’simply by saying that "the form
of the bone being given, the bone elements place or aisplace themselves in the
direction of the functional pressure" and Bassett (1966) reminds us that the
law is ip constant use in" orthopaedics where it has been realised that skeletal
growth can be influencea by the appropriate application of exterﬁal forces.
Bassett (1966) concludes that this adaptiye mechanism allows_the organism to
achieve harmony with its surroundings so that it is not limited to a skeletal
shape or size pre-determinéd by inflexible genetic ard hormonal factors:

Felts (1959) acknowiedges this coﬁcept of skeletal plasticity and
dependency of organisation upon the functional environment, but considers that
"the concept of envircnmental influence has been over-stressed in relation to
skeietogenesis. He believes that the differentiation and early development
of the skeleton is dependent as much if_not more upon hereditary factors than
upon functional circumstances and his beliefs ﬁave been upheld by many
investigations (Murray 1936; Fell 1956;‘Amtmann 1971).

Fell (1956) reporting on her earlier work and that of otper investigators
recorded that skeletal tissue was one of the earliest to be cultivated in vitro
in an organised state but at first she was only able to develop nodules of
cartilage in axial mesoderm, and these nodules bore little resemblance to the

normal limb skeleton. In later work she was uble.to record the first observation
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of periosteal bone in culture and reporfs on other workers who were able to
cultivate bone rudiments already defined in shape to such an ei%ent that they
grew and became calcified. Since these early experiménts techniques have
improved greatly -and have led to even further development of cartilage and bome
in vitro.  All these culture experimeﬁts suggest that the gross form of limb
elements is the result of self-differentiation, and that each developing element
is under genetic comtrol {Murray, 1936). However, the results also suggest
that these tactors alone are not sufficient to produce a functional skeleton
(Murray, 1936).

| Fell (1956) concluded that.whén undifferentiated chondrogenié and
osteogenic tissues are grown in culture they acquire an almost Lormal histological
structure.  She also conpluded_that when entire primordia are cultivated,
although they too develop their charactersitic shapes to a surprising degree,
they ulwéxs deviate from the normal. in some respects. Fell (1956) based har
>conc1usi0ns on a serics of experiments since the 1920's which have involved the
study of skeletal elements of the chick and she was able to demonstraie that
skeletal primordid will develop in vitro even when the explant consists mercly
of an apparcntly undifferentiated condensation of mesoderm in which there is no
sign of joint development or of the individuzl bone rudiments. Felts (1959)
concludes that tﬁe same appears to be true for any skeletal structure preceded
by a éartilage skeletal model, More recenﬁly, marmalian skeletal primordia
have been cultured in vitro with comparable results (Chen, 1952}. Amtmann
(1971) reports on earlier studies which demonstrated that the femora of
homozygous luxoid mice were able to maintain their typical luxoid features when
cultured as explants. These studies also demonstrated that the femur anlagen
of non-mutant animals, when grown in vitro with the normal environment lacking,
sti1) develops into normal chondral skeletal elements.  Thus, formation of
structure appears to occur in the absence of normal mechanical stimuli. However,

Amtmann (1971) suggests that mechanical forces are in fact generated in vitro

-39 =~



withiﬁ the isolated anlage of tpe femur‘as‘a result of inirinsic forces whicﬁ
develop within growing tissue.- Amtmann (1971) suggests that ghis could influence
the development of form, a view vhich is shared by Hummer (1962). Fell (1956)
describes experiments in which rudiments of long bones héve been successfully
cultivated to the extent of the develoément of models of human fetal long bones.
In these experiments however, the very curious fact was noted that whilst explants
from a young embryo (63 weeks) developed in vitro in the normal organotypic way,
those from older fetuses only did so if enveloped by epidermis. Thus, all of
these studies dcm&nstrate that the general form ¢f embryonic long-bones represent
the-inherent pattern of development of the skeletogenetic tissue (Feits, 1959).
Joints also have been developed in culture (Fell, 1956). The
development of the articular surfaces in the early gtages of joint formation
has been shown to occur in the absence of imuscles, nerves, and blood supply
although.the conditions in vitro have been found to be inadequafe for the
.completion of the process, particularly the formation of thé capsule (Fell,1956).
Drachman and Sokoloff (1966) cpmmenting on the experiments of Feil (1925),
Murray (1926), Murray and Selby (1930), -Fell and Canti (1934), and Hamburger and
Waugh (1940)concluded that the joints were neither complete nor perfect with
adj;cent elements often fused and the details of the articular surfaces being
poorly sculptured. They suggested that certain factors, such as immobility of
the limb, growth in an abnormal environment; or lack of innervation might account
for this and proposed that 5_joint, vhich is a structure so specifically adapted
for motion, might logically require movement in order to perfect its development.
Their experiments involved various degrees of elimination by paralysis of
skeletal muscular contractions in chick embryecs and they found that the
outstanding abnormality in the paralysed joints was the marked impairment of
cavity formation. Their results showed that all the preparatory changes procecd
norﬁally up to the point when cavitation should occur and they concluded that it
required the mechanical action normally provided by the embryo's own skeletal

muscle to adwinster the "coup de grace" which converls a potential space into a
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joint cavity. Furthermore, Drachman and Sokoloff {1966) believed that the
maintenance of the ariiculation also required muscular movements. These results
are consistent with the previous observations of Pain (1965) whose experiments
involved the destruction of skeletal musclé in mice during gestation.  The
affected, presumably paralysed, mice also showed failure of joint cavity form;tion.
The concept of mechaﬂical factors, such as the forces produced by
skeletal muscle, affecting the development of the skeletal system has been
mentioned previously in‘the discussion of Wolf{'s Law. Its relative importance
is summarised by Murray (1936) who'beiieves that it is difficult to accept that
intrinsic factors alone could produce a normal skeleton however unfavourable the
Véxtrinsic factors might be. Purthermore he believes the importance of the
extrinsic. factors increases in the later stages of embryonic life when the gross
skeletai modél is being refined and perfected and he presents evidence which suggest
that the various grooves and prominences of the late embryonic skeleton are
probably produced in reection to extrinsic and presumably mechanical factors.
Fell (1956) suggests that while the general shape of the cartilaginous skeleton
may develop in response to inlrinsic factors, extrinsic facturs are concerned
in providing the right conditions for the normal expression of inherént
potentialities and for maintaining normal structure once it hag developed. To
support her suggéstiom she records that skeletal primordia do not complete their
anatomical development in culture and that certain structures, such aé the
mandible, require appropriate mechanical conditions for their normal development.
That environmentalgfactors-are respongsible for refining the characteristic shape
of a skeletal rudiment is frovided'by experiments which demonstrate thaf explanted
primordia develop a comparatively normal form during the fi¥st few days in v;tro
but lose much of their characteristic shape on more prolonged cultivation and
become increasingly distorted. Fell (1956) suggests it is probable that not
only an effective blood circulation is réquired for the maintenance of normal

N

anatomical structiure but also functional activity ~once differentiation has
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oceurred. Chen {1952, 1953) however, ghoWed that even certain features of

the cartilaginous skeleton seem to be determined by extrinsic‘fgctors. His
experiments én.segmentation of the mouse sternum showed conclusively that the
éegmental arrangement of the ossification ceﬁtres is imposed upon the sternal
rudiment by the association of the ribé, but Fell (1956) belicves that the gross
morphology of bone probably depends much more upom environmental influences than
does that of cartilage. On the other hand, if additionel mechanical stimuli
are introduced experimentally, structural reactions appear to be evoked. For
example Hall (1967) was able to evoke cartilage. formation in the guadrato-jugale
of ﬁ chicken in vitro by experimenfaliy introducing intermittent comﬁressive

and tensile stfesses vhere normally in the abgence of such stimuli, bone is
Tformed.

It is only in .recent years that some light has been able to he shed

upon the actual mechanisms by which bone is able to respond to the stimuli
-presented by mechanical forces.  In 1951, Johnson postulated that since bone
is a multicrystalline structure it might possess piezo-electiric. properties.
Bassett (1968} defines piezo—electricily as electricity which results from
pressure on crystals and, in its purest sense, the term is restricted to single,
inorganic crystals that lack a cenire of symmetry. Apparentiy when such |
materials are deformed charges of opposite polarity appear on opposite faces of
'the crystal and in the mid 1950's the postulate was confirmed independently in
Japan and America by the demonstration that electricai potentials were developed
by bone when it is deformed (Fukada and Yasuda, 1957; Bassett, 1957). Fukada
and Yasuda (1957) demonstrated not only a direct piezo-electric effect (the
production §f electric charge by deformation) but also an indirect or converse
piezo-electric effect (the production of mechanical strain or deformation by

the application of an electric field). Becker (1961) demonstrated an electric

phenomenon during limb-bud regeneration in salamgnders and this stimulated
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Bassett and Becker (1962) to perform further experiments on both living and
dead moist bone. They were able to demonstrate charge separnélon in both these
conditions and, significantly, their specimens which were mounted ag cantilevers,
routinely became negative on the concave éide and positive on the convex.
Considerable controversy exists over tﬁe origin of the electrical response in bone,
but there appears fo be no dispute concerning its existence. (Shamos and Lavine,
1964,1965; Bassett,1968).

Bassett and Becker (1962} proposed that these electrical charges,
generated by strain or stress in bone, were biologically active and suggested
ihat piez0ae1éctricity could affec£ the alignment and Aggregation of extracellular
macromolecules and influence cells. Bassett and Hermann (1961), Bassett (1962),
and Bassett (1964) were able to demonstrate éhat mesenghymal cell; engaged in
osteogenesfs were sensitive to changes in the microenvironment, particularly
physical changes, and Bassett, Pawluk, and Eecker (1964) were able to demonstrale
that direct continuous currents in vivo can also affect osteogenesis. These
results were then incorporated into a negative feedback concept which attempted
to explain the mechansims behind Wolff's Law (Bassett, 1968).

In this closed=loop system the mechanical strain or stress is thoughvu
to be initianlly converted into an electrical stimulus by piczo-electric elements
within the bone. The electrical stimulus affects not only tﬁe alignment and
the aggregation pattern of the extracellular macromolecules,but also the behaviour
of the cells including their migration, nutrition, lne-products, and possibly
their proliferative rate. Through these cellular and extracellular influences
the piezo—electrically geﬁerated stimulus results in a change in oaseoﬁs
architecture, which is appropriaste to resist the deforming.force and shut off
the initiating signal (Bassett, 1968). Epker and Frost (1965) also beliéved
.that such a controlling stimulus controlled cell function in bone. Bassett (1968)
further believed that the rate of repetition, the direction of application of forcc

and the duration of the force may also be critical in determining whether a
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biologically active stimulus will result. From the results of their experiments,
Becker and Murray (1967) proposed that a "trigger" stimulus may\initiate the train
of cellular e#ents because they found an optimal range of current and a distinct
"cut—off" point which affected the cellular activity.

Both clinically and experimentaily it has been known for many years
that the concave aspects of a bene under pressure will be buttressed with new
bone whilst the convex aspects will have bone removed (Murray,.l936). Recent
experiments however have added to this by.showing that bone formation occurs in
electronegative regions which are generally concave surfaces under compression,
whilst bone fesorption takes fléce in electropositivé regions which are
Usually regions uﬁder tension and generally convex {Pawluk and Bassett, 1970).
In additipn, if the force is directed along fhe axes of pre—existing bone
sﬁrqctures,'the alterations may invelve only an increas; in bone méss, whilst if
the force produces shear, the modifications will involve re-alignment (Bassett,
1966). |

It is now established that piezo-—electric behaviour is an inherent
property not only of bone, but a whole spectrum of connective tissues including
tendon, ligaments, fascia, cartilage and arteries (Bassett, 1971; Zengo, Pawluk,
and Bassett, 1973). Concentrating specifically on cartilage, Bassett and Pawluk
(1972) were able to demonstrate that when cartilage is deformed it becomes
electrically polariged and, although they believed its significance to be obscure,
they commented that regardless of origin, mec@anically-induced electrical
polarisation possibly exerts a2 major influence on thé behaviour of cells, ions,
and charged mucromﬁlecules; Furthermore, they sugges£ed that growth.aﬂd |
regeneration could be regulated electrically.

Bassett (1966, 1968) discusses the mechanical stresses which might affect
pone mass and orientation of bone trabeculae and concludes that the cardiovascular

system, gravity, voluntary muscle action, contact with the environment, and the
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continuous activity of cell metion all constitute deforming forfes, If
the structures that are deformed by fhese forces are construc£ed.of long-
chain, piezo—-electric, biopolyme;s electric potentials are developed (Bassett
1968). Conversely the effects of inhibition of mechanical stresses have also
been studied and Bassett (1968) records the results of experiments concerned
with bed rest, weightlessness, disuse, and ageing which demonstrate that mechanical
forces d}e of importancg in the maintenance and develbpment of skeletal tissues,
a result which Bassett (1964) had already shown in tissue culture experiments,

Regarding osteogenic induction, ﬁttentién in the past has been directed
towards chemical agents which might influence cells to become usteoblasts, but
now there is increasing evidence to suggest that electric factors may be involved.
Saxen and Toivonen (1962) suggested that it may be more propitious to consider
induction.conditions rﬁther than specific induction substances and, in a similar
manner, Urist (1968) postulated two mechanisms by which bone formation could occur.
One mechanism incorporated +ihe chémicul indﬁction principle whilst the other
involved the bone induction principle but at present it is impoﬁsible to identify
precisely which of.these two postulates is correct and their relative contribution
(Bassett, 1971). .

Attempts have been made to associate the concept of Wolff's Law
directly to the verteb;al colum and Gooding and Neuhauser (1965) specifically
studied the growth and development of the vertebral body in the presence and
absence of normal stress, They emphasised that man's erect posture has produced
stresses on the vertebral colummn which differ from those of the quadruped and
they believe that, phylogenctically, these stresses have resulted in shortening
of the vertebral column, a relative decrease in the height of the individual
vertebrne, and an absolute decrease in the number of vertebral bodies. They .~

report that some children who never develop the capacity to stand erect have
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increased vertical growth of the vertebrul bodies and they were able to

demonstrate that in the absence of the usual pressures, longit;Ainal overgrowth

of the vertebrae occurs. Gooding and Neuhauser (1965) believe that both

intrinsic and extrinsic factors are invol%ed in detertining the ultimate size

and form of an adult vertebra but appreciate that all the forces are nct knoén.
They report that in.growing éhildrén, the vertebral responséto lack of normal

stress is most marked in the lumbar area because these vertebrae bear most of

the weight in the erec‘b‘posture and they suggest that in the absence of normal
vertical stress, these vertebrae ﬁave the greatest capacity to respond by
increasing in-height. The au£hors report that they have seen this most frequently
in children who have not walled for a significant portion of the time during

which vertebral growth occurs but, interestingly, they noted that decalcification
or disuse afrophy of the involved vertebrae was not observed regardless of how
inactive the child had been. They compare their findings to the condition of
scolicsis and conclude that grow{.h is inhibited on the lconca,ve side whilsi{ being
unrcstrained on the convex. Gelbke (1951) suggested that the findings of vertcbrze
with & relative increase in height is a reversible phenomenon during the growth
pericd of the spine and was able to demonstrate that if normal stresses and

pressures begin to appear then the affected vertebrae will resume their normal

properties.
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THE PATTERN OF OSSIFICATION

For almost 2000 ye;rs the pre-gﬁtal development of the human skeieton

has been the subject of much research. Galen (ca. 130-200 A.D.) described the

presence of 7 ossificgtion centres in the sternum and two in the mandible, whilst

Pallopius in 1561 is reported to have described 5 centres in the pre-natal sphenocid

bene, 3 centres in each vertebra, 4 centres in the axis, and & centres in the

newborn sternum. The problems surrounding the number and locatioﬁ of the
ossification cenﬁres of each bone, of the pre-natal develcpmental anatomy cf each
bone, and of the congenital anomalies have been.the p?imary topics of the work

of Bardeen (1910}, Bryce (1915), de Beer (1937}, Flecker (1942), Noback (1944),

Noback and Robertson (1951}, and Hartley (1957}. .

.It is éenerally agreed that a typical vertebra develdps from 3
ossification centres; one in each half of the vertebral arch and one in the bedy.
‘The primary centres in the vertebral arch appear at the roots of the transverse
processes from where the ossification spreads backwards into thg laminae and spine,
forvards into the.pedicles and postero-lateral portions of the body, laterally
into the transverse proacsées, and cranio~caudally into the articular processes.
The exceptions are:—

l. The atlas, which although ossifying from 3 centres has one centre in each
lateral mass which appears before birth and a third in the anterior arch
which appears apprOxi@ately 12 months after birth.

2. The axis ogsifies from 7 centres, 5 of which are primary and two of which are
secondary. | The T(rer‘-bebra.l arches -each develop from one centre which appears
in intra-uterine life and the centrum develops from one centre which ulso
appears in intramuterine.life. The dens, which is really the centrum of
the atlas, is ossified from two laterally placed centres which appear during
intra-uterine life.

3. Cervical vertebra 7 (CT) has costal processes which usually ossify from
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separate centres. These may remain separate and grow latgrally and
forvards as cer;ical riba. Such centres have also been fo;nd on C4,

Cy» and Cg (Warwick and Williams, l97§). 0'Rahilly and Meyer (1956} found
that 11 specimens out of a total of 77 possessed cervical ribs, and Flecker
(1942) records their presence in fetuses of 165 mm. (female) and 134 mm .
(male} C.R. 1éngth} ﬁoback and Robertson (1951) similarly report 34
specimens from a total of 136 fetuses as having cervical ribs and Shanks
end Kerley (1971) &iscuss the many variations of cervical rib that are to
be found. ’

Thiy account of vertebral ossification is very clearly confirmed by
Schinz and Tondury (1942) who conducted an exhaustive anatomical and radiographic
gtudy of the early ossification of the vertebrae in the human fetus. They
producéd a.serieé of excellent photographs which demonstrate c¢learly the relative
positions of the ossification centres in the individual vertebrae.

However, there is some variation iﬁ the pattern of ossification of the
vertebral body (Cohen, Currarino, and Neuhouser, 1956) and three principai
theories have been proposed, The first, reiterated in most textbooks,
postulates a single centre for each segment (Mall, 1906). The second theory
has been put forward to explain hemivertebrae or "butterfly" vertebrae and states
that ossification begins in paired lateral centres. The third theory describes
& dorsal and ventral centre for each vertebral body with subseguent joining.
Specimens representing all three theories have been reported but their incidence
is rélatively'uhknown, al£hough it appears that the third theory possibly applies
to about 5% of cuases (Cohen et.al;,1956) and Schinz and Tondury (1942) reported
4 cages with the double ossification centre. Similarly Ward (1965) regards
ossification from two laterally placed centres as a well recognised variation and

- as early as 1911, Poirier and Charpy recognised that coronal cleft vertebrae as

described in the third theory, could be present. Hartley (1957) was actually
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convinced that determination of the sex of the fetus was only possible where
multiple coronal cleff vertebrae could be identified with the'rgiio being 4:1 in
favour of the fetus being a male.

The actual appearance time of the ossification céntres has been the
subject of many studies (Hess, 1917; Caﬁp and Cilley, 1931; Hodges, 1933;
Noback, 1944; OfRaHilly and Meyer, 1956; Hartley, 1957). However, Flecker (1942)
netes that there are very striking discrepancies regardiné the ages at which
different ossification centres are said to appear and Noback (1954) suggests
that although the veluminous literature gives the impression that there is a
wealth of accurate info;mation avéilable, this is deceptive for there are onlylscant
original data thch have been critically documented and accurately defined.
Noback (1954) cites Mall (1906),:Angier {1931}, Teissandier (1944}, and.Noback
and,Robertsoﬁ (1951) as being the only four papers available at that time in
which direct ohservations had taken place of more than a few centres in many
specimens, and concludes that many of the figures which are said to show the
general times of appearance haye been copied and re-copied from sources which
represent essentially vague estimates or'ghich are based on poor evidence, ﬁ
-criticism shared by Flecker {1942). Nevertheless, the general concensus appears
to be that most of the primary ossification centres appear before the end of the‘
4th month and practically all of them appear between 7-12 weeks (Hill, 1939}.
Noback and Robertson (1951) note how early in life and over what a short space of
time these centres differenﬂiate and record that those centres which ossify during
the first 5 months of_fetal life do so in a definite and orderly sequence but with
exceptions occasionally occurring. Hess (1917) finds it particularly
disconcerting that ossification of thé vertebral column may occasionally be
delayed whilst beiﬂg normal in othe; parts of th; body.

All such sequences, however, are necessarily speculative because no

direct evidence is availlable. The evidence ithat has been obtained is from
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obsefvations of the appearance of éentres‘in a serial study of fetuses throughout
prenatal life and, in this respect, a true longitudinal study is not possible
(Noback and Robertson, 1951). Longitudinal growth charts, on the other hand,
are stati%ticélly more valid than cross-sectional d;ta and; ag such, are to bhe
preferred  (Tapner, 1962; Campbell and Newman, 1971).

Concentrating upon the veftebral columm, the cent;; are reported to
first appear in the lower thoracic and upper lumbar regions at about 910 weeks

of intra~uterine life. The first centres to appear are those for T T T

10’ "11' "12
and Ll {Hi1l, 1939; Noback and Robgrtson; 1951; O'Rahilly and Meyer, 1956; Hartley

1957; and Worwick and Williams, 1973). Apparently the other centra then appear

both'cephalicallyand caudally from this area and in a short time all the centra

from C, to 33 are present, there being some delay before C., S,, and S. ossify.
= i

4’ 5

Scme exceptions to this orderly sequence. have been noted and Noback and Robertson

17

(1951) report one such exception where T7 was absent but TS through to L, vere
present.

Disagreement, however, surrounds the developmental pattern of the
neural arcﬂ ossification centres, wifh moét general text books reporting that
the neural arches appear in a cephaIOfcaﬁdal direction {(Warwick and Williams,.
1973; Davis and Dobbing, i974). With the exception of an cbservation by
Mall (1906}, all the data before 1944 consisted of findings of either no neural
arches being present or at least nine, and since the development of neural arch
casification centres from T2 was thought to be cranio-caudal, the assumption
was made that the uppermost neufal arches also appeared cranio—caudally. Noback
(1944) compared the specimen of Mall (19Q6) to a specimen he encounlered and
suggested that the cervical and upper thoracie neural arch centres do not follow
this cranio—caudal development.  He further suggested that the centre for T1 is

possibly the first to appear and that probably there is no systematic order for

appearance of the 9 must cranial arches. He acknowledged that meore data would be
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necded before a definite opinion could be given and Noback and Robertson (1951)
wvere able to discusslthis phenomenon in more detail having foﬁn;'five more
specimens with less than 9 neural arches present in addition te having the work
of Teissandier (1944} as a supplementary s;urce. However, they reached the same
conclusion as Noback (1944) and suggestéd that more data are needed in order to
be definite.

Only a few authors discuss the question of whether it is the centra
or neural arch ossificaﬁion centres which appear first in the sequence of
development. less (1917) records that the neural arch ossification centres
appear in the 9th week and it i; only in the 10th week.thgt the centra hbecome
.evident, a result which agrees very closely with Barson (1974).

Since human fetal material is so difficult to acquire, several
investigatiéns have been made of the pattern of ossification in laboratory
animals such as the rat (Strong, 1925), mouse, (Johnson, 1933) and pig (Hodges,
1953). |

Using the albino rat, Strong (1925) found that the neural arch
ossification centres appear first in the arches of the cervical vertebrae and
first two lumbar vertebrae. The centres were more developed in the cervical
vertebrae, especially in the more cephalic ones, and they were particularly
advanced in tﬁe lateral portions of the atlas. The centra ossification centres
were found to arise later than the neural arch ossification centres and appeared

in a series beginning with the centre for T

4 and ending with the last lumbar. In

both neural archés'and cenira, the ossification centres then appeared progressively
cephalad and caudal to thié series. |

Johnson (1933) stained his albino mouse matérial but frequently found it
difficult to decide whether a centre was truebone or merely calcified cartilage.
He found that the ossification centres for the vertebral arches were present in
ali cervical vertebrae, the first two and last four thoracic vertebrae, and the

the first four lumbar vertebrae at. a very early stage, with the first two thoracic



vertebrae showing least ossification, each arch being fepresented by two
extremely small areas of bone which fﬁsed in a short time to fﬁrm’a single centre.
At a similar stage, Johnson (1933)‘found that the last eight thoracic and all the
lumbar centra ossification centres were present, and using the data of Mall (1906)
and Strong (1925) he found it interesting to compare the relative rates of
skeletal development and order of appearance of the ossification cenftres in mouse,
rat, and man. He showeq that most of the primary ossification centres appear
in the mouse during the last 25% of the gestation period, in the rat during the
last 28.5%, and in man during the latter half of the first trimester. Therefore,
although ossification progresses extremely rapidly in the mouse and rat, once it.
has started, it appears that the relative time required for ossification is greater
than in the human. Strong (1925) however, suggests that ossification begins very
soon after differentiation has started, regardless of the length of the gestation
Period,'which implies that-man has attained the same degree of ossification at the
end of one-third of the total period of éesﬁation as the mou;e and rat have at the
time of birth.

Hodges (1953) used the fetal pig as his laboratory animal and
radiographed his specimens after previously staining them with silver nitrate.
- He described the order of ossification for all of the fetal bones and found that
ossification of the vertebral bodies proceeds from at least two and possibly three

loci, the firsl locus being at T the second, which he was only able to

12’
demonstrate in two fetuses, in the upper thoracic region, and the third, which
lagged behind the others, being found at C2. Regarding the vertebral arches,
Hodges (1953} found that their ossification begins in two loci, the first being

at T, or TT’ and the second being at Cl or C

6 He uses the data provided by

5
Noback and Robertson (1951) to compare his findings with similar data for human

fetuses, and concludes that there are some differences but also similarities in

the sequences.,
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The patterns of ossification for the vertebral column discussed so far
do not mention the occurrence of asymmetry in development betweeﬁ the two neural
arch ossification centres of each vertebra. Pryor (1906) records that regardless
of the normal variations, the ossification within the body is bilaterally
symmetrical but several authors do not agree. Flecker (1942) notes that no
detailed study has been made concerning the possibility of any appreciable
différence'of one side as compared with the other and, moreover, hé considers it
doubtful that any-appreciable differcnce exists., However, he does think that
it is conceivable that the different funetion of.oné side, particularly after birth,
compared to the other might lead to some variation in the times for appearance
of the ossification centres, but.he feels that this Qill not affect the spine,
Similarly, Mences and Holly (1932) inastudy of 11 infants wiﬂh asymmetrical
development of certain-epiphyseal centres, found thét in 9 cases the preferred hand
coincidéd with the side on which cxtra centres occurred and they found it difficult
to account for such an occurrence on the basis of endocrine or of any other general
disturbance. Noback nnd.Robertson {1951) conducted a more detailed study of
the problem and recoénised that when one.of a pair of bilateral centres is observed,
it is during the time when these centres normally appear and found that such an
" occurrence is not observed after the time of their normal appearance. From
these observations they suggest thet the absent centre of each of the bilateral
pairs noted could normally Le assumed to appear shortly afterwards. Noback {(1944)
in an earlier study reached a similar conclusion and suggested that although
asymmetrical appéarance of bilateral céntres does occasionally occur, the
appearance of bilateral centres is essentially symmetrical.

To overcome this possible variation, Francis and Werle (1939) examined
only the left side for development and assumed that for practical purposes, both
sides are alike. Christie (1949) restricted his observations to the right side

only and made the observation that any asymmetry in the development of any given



centre is insignificant. OU'Rahilly and Meyer (1956) recognised that variation
might be present, and decided that a spccimen would be recorded as having an
ossification centre present irrespective of whether it occurred unilaterally or

bilaterally.
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THE SPINAL CURVATURES

The adult vertebral colunm ig said to have four antero-posterior
curvatures, one for each of the spinal sections; cervical, thoracic, lumbar,
and sacral (Romanes, 1972; Warwick and Williams, 1973; Snell, 1973). During
the first month of embryonic development the whole spine acquires a marked ventral
flexion (Bardeen, 1910) and therefore the thoracic and sacr#l curves are recognised
as being "primary" for they are concave ventrally during fetal life and retain
the same curvature after birth. However, in contrast, the cervical and lumbar
curves are concave dorsallyAin adult life and are termed "secondary" or
“"compensatory"., These curves are said to be the result of differences in the
antero-posterior thickness of individual vertebral bodies and also to result from
differences in the shape of intervertebral discs (Basmajian, 1%70). Thé primary
curfatures are caused mainly by the shape of the vertebrae (Romanes, 1972) and
when it is in the bones that are chiefly concerned, it has been stated that the
curve is more iikely to le permanent (Basmajian; 1970} . The secondary
curvatures, which develop in the cervicalrand lumbar regions, are said to be mainly
due to the shape of the relatively thick discs that these regions possess and
therefore can be temporarily abolished by appropriate movement of the spine
'(Basmajian,léTO; Romanes, i972, Passmore and Robson, 1973). In old age, tl.1e
intervebral discs shrink and the vertebral column tends to revert to its original
primary curvature {Romanes, 1972; Sinclair, 1973). In the upright position
of the adﬁlt, the alternating curves of the vertebral column have been suggested
to provide for ab;orption of vertically transmitted forces which are not
transmitted straight through the column but are absorbed by the intervertebral
discs and by the slight bending of the curvatures which is resisted by the muscles
and ligaments  (Romanes, 1972).

Whilst Warwick and Williams (1973) do record that the cervical curvature

actuallyappears late in intra-uterine life many anatomical text books(Hamilton and



Simén, 1958; Basmajian, 1970: Romanes, i972; Passmore and Robson, 1973 Cafféy,
1973; Sinclair, 1973) deny its.presence until the child begins %o raise its head
in the first few months after birth, when Warwick and Qilliams (1973) suggest that
tﬁe curvature is merely accentuated. Thereafter the cervical curvature is convex
ventrally, being least marked in the atlas and reaching as far as the level of
1, (Romanes, 1972; Warwick and Williams, 1973). Hamilton and Simon (1958)
however illustrate with radiographs that the cervical curvature in the adult
depends upon theAdegreevof flexion, with the vertebral bodies being in alignment
when the individual is at rest, but with a certain amount of gliding movement
beiné possible on full flexion 6r exteﬁsion of.the neck. Romanes (1572)
sunmarises the situation by stating that the cervical'curvature is least marked
and is undone as the neck is flexed.

The thoracic curvature is always concave ventrally, and extends from
T2 to Tlé and is thought to be formed by the greater depths of the posterior
Aparts of the vertebral bodies  (Warwick and Williams, 1973).

" The lumbar curvature is said to begin to de#elop when the baby sité up
at 9 menths and there is'a compensatory exaggeration of the curvature when the
baby starts to stand up and to walk {Bardeen, 1910; Sinclair, 1973; Passmore
and Robson, 1973; Caffey, 1973) so that the centre of gravity of the body will
not lie in a plane anterior to the hip joints during the siiting or standing
positions (Basmﬁjian, 1970, VWarwick and Williams, 19?3). Thgreafter the lumbar

curvature is convex forwards, stretching from T.. to the lumbosacral angle

12
(Romanes, 1972), with the convexity of.the lower three vertebrae being greater
than that of the uppér two, In the adult the lumbar curvature is most pronounced
vhen standiug upright, a position in which the vertebral bodies come to be
relatively close to the anterior abdominal wall (Romanes, 1972).

The sacral curvature stretches from the lumbosacral joint to the apex

of the rcocxxyx and during the first 2-3 months of intrauterine life is fairly
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straight tBardeen, 1910). | Subsequently at about the 5th month of intrauterine
life a marked dorsal flexion of the lumbosacral berder takes place (Bardeen, 1910;
Hamilton and Simon, 1958) and ;n additional curvature appears "in order to
accommodate the pelvic viscera." (Romanes,-1972).

In addition to curvatures in the sagittal plane, most adults possess,

a slight lateral. curvature of the thoracic region accompanied by curvature of

the lumbar region in the opposite direction (Hamilton and S%mon, 1958; Warwick and
Williams, 1973). The direction of this curvature is thought to show some
relationship to "handedness" with a slight asymmetry affecting both the proportions
and.movements of the body. For example, one limb may be shorter by %" than

its fellow, and breathing movements may be more extensive on one side than the
other (Hamilton aend Simon, 1958). In the right-handed person the thoracic part
of the ve}tebral column may show a slight convexity to the right with the right
clavicle fending to be shorter, stouter, and more herizontally placed than the left
one. Thg converse asymmetry is usual in the left-handed person (Hamilton and
Simon, 1958).

Regarding a sex difference being present in spinal curvatures, two
contrédictory statements have been made. Trotter (1929), who studied the vertebral
column in both white and negro Americans, found a general tendency of female
columns to show less curvature than those of males in both races, whilst Basmajian
(1970) clearly states that the normal curvatures of the column are rather more
pronounced in the f;male thaen in the male.

Barnet£ and Nairn. (1965) define the normal fetal attitude of the
spine as one of geheral moderate flexion, with the limbs being well flexed and
close to the body, although they realise that there are definite numbers of
variations. They suggest that instead of normal moderate flexion the spine may
well exhibit local or general hyperflexion, local ur peneral deflexion, and

lateral curvatures. Tager (1952) suggests that the curvatures of the fetal spine



are significant to the extent that they reflect fetal well-being and that fetal
death in utero is ghoﬁn on radiographs by collapse of the fetalképine and deepening
of the curvature in the lumbosacral segments and sharp angulation of the neck on
£he thorax. He attributea the loss of normal spinal curvature in the dead fetus

to be due to loss of tone in the muscles.



MEASUREMENTS OF THE LIMBS AND VERTEBRAL COLURMN

Tar

Direct measurements of the lengths of ossifying bones iﬁ fetal limbs
_have.been the subject of many radiographic studies. Mehta and Singh (1972)
measured the‘iengths of the diaphyses of both the h;merus and femur in 50
spparently no;mal fetuses, ranging from 65-290 mm. in C.R. length. They found
s significant correlation between diaphyseal length and C.R. length and they
were abie to observe warious growth phases. No appreciable difference was found
between the lengths of the humerus and the femur when the fetus was less than
85 mm. in C.R. length and the difference in lepgth at greater C.R. lengths was
attributed to the comparitively slower growth of the humgrus during the later
period of pregnancy. They were able to calculate that the diaphyseal growth rates
-of the humerus and femur are 0.18 mm. and 0.21 mm. respectively for every 1 mm.
increase in C.R. length and they compared their results to those of previous
workers.

Brandfass and Howland (1967) criticised vwarious methods which have been
devised to estimate fetal maturity or weight in utero and they included in ﬁheir
.criticism the work of Hoages (i937).wh0 ﬁad correlated the length of the coleified

" femur with the week of gestation. In épproximatcly 100 human fetuses between

. 16-38 weeks géstation Hodées claimed that growth in length of the femur occurred
at a regular rate for each week of gestation. Their criticism was that these
methods had not withstood the test of general clinical use for various reasons,
including problems with radiological technique, complicated formulae, or
unavailability of charts and taSles, and therefore they proposed a series of
méasurements of long hones in limbs which would be the most accurate indicators
of a weight of 2250 g. or more, vwhich wéight they suggest is one of the most
commonly.acceptcd criteria of pre-maturity. Brandfﬁss and ilowland (1967)
evaluated various techniques to improve the detail of the films to achieve more

accurate measurcments and they argued that a single radiological measurcment
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may be inaccurate because of the fetal position, maternal weight variatiomn, or
indistinct outlines due to fetal movement and they therefore selected the long
bones of the fetal limbs as being the only visible portion of the fetus with
sufficient ccmponents to overcome these problems. They excluded the fibula

from their measurements and gave a series of‘10 measurements from which to

estimate fetalfmafurity with the recommendation that if anf of the bones were

found té equal or exceed in length one of the reference measurements, then it could
be concluded that the fetus weighed more than 2250 g .

Owen {(1971) contiﬁuing the theﬁe of estimating fetal maturity from
meagurements of the long bones of the limbs from radiographs made ;pproximately
600 measurements from 150 films of subjects between 12 weeks and full-term. Only
"those bones vhich appeared to be parallel to the film were méasured. The
mean measurement for each week was determined and plotted against duration of
pregnancy. Separate graphs were drawn for each bone . Owen (1971) comments
that a tracing from one of the limb graphs was found to fit the other five almost
exactly by moving the base-line slightly.up or down, .

Martin and Higginbottom (1971) emphasised the need to estimate fetal
age in utero but stressed that at preseﬁt only ultrasound appears to give accuracy
- sufficient for present da§'needs. They realised that ultrasound is expenéive
and therefore not generally available and proposed a method for assessing fetal
age from radiographs of the human femur. They measured the thigh length in the
newborn child of 30-43 weeks gestation from the lateral prominent part of the
tip of the greatér‘trochante; to the line of the knee-joint and found that the
rate of growth was 3 mm. per week. They also found no detectable differcnce
between the two sexes. They next measured the iength of £he ossified femur betweer
the canvéx ends of the radiopaque shaft from radiographs taken in utero up to
8 weeks before the baby was born. To this.they added 3 mm. for every week that
the pregnancy progressed and ultimately the thigh was measured in the newborn

infant to find out if the radiological measurement was correct. From this they
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found it possible to give an estimate of gestational age by direct measurement
of the femr on ihe radiograph. -They realised that foreshortening of the limb
might well occur in vivo and endeavoured to overcome the problem by measuring
the femur on each side and then used the measurement oé the longest femur since
this was thought to give the more realistic measurement. Furthermofe they .
calculated that until the umoﬁnt of abduction or adduction exceeds 15o from the
horizontal plane, then the differencg in measurement will not exceed 2. mm. or the
equivalent of l.week of géstational age.

Rugéell,_Mattison,‘Easson,‘blark, Sharpe, and McGough (1972) discuss
the work of Owen (1971) and Martin and Higginbottom (1971) and note particularly
tﬁat Owen (1971} rebortéd that the femur grows at 1 mm./week in the last weeks
of pregnancy whilst Martin and Higginbottom reported growth of 3 mm/week.

Russell et.al: (1972) therefore used 217 prone radiographs of pregnancies and
measured the ossified femoral lengths in a manner similar to Martin and
Higginbottom (1971). They found a poor correlation between fetal maturity and
femoral length and found that its rate of growth was approximately 1.5 mm./week,
with a femoral length of 77 mm. indicating maturity within only 1 Standard
Deviation corresponding to a gestational age of 30-42 weeks. This range they
felt was far too wide to be of any practical use.

The lengths of human fetal long bones have also been studied b& methods
other than radiology.  Hesdorffer and Scammon {1928) reviewed eaflier work on
growth in length of the human tibia and included measurements of total body
length, total length‘of tibié, length of tibial diaphysis, and combined lengths of
superior and inferior cartil;ginous tibial epiphyses. They calculated regression
formulae between each of these measurements and found that the empirical formu;ae
for the total length of tibia.and for the length of the tihial diaphysis,
with respect ﬁo the total body length, have negative second constants whilst
for the epiphyses, the empiriecal formulae have positive second constants.

They therefore concluded that while the lengéh of the tibia as a whole

and of its diaphysis are becoming relatively, as well as
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absolutely, greater the epiphyses dre becoﬁing relativel& shorter although
absolutely longer. l F;rthermore they differentiated their expressions for lengths
of tibial structures with respect to time and found that all parts of the boné
decline in absolute rates of lineal growth in the 1a£ter part of prenatal life.
Similarly, Felts (1954) did not use raﬁiological techniques but instead stained
with alizarin red 53 wholefemurs from fetuses and infants between 31~485 mm. C. R.
length. He made no selection as to the side from which the femurs were taken and
found.that the total length of the femur increases by 0.21 mm. for every mm. increase
in C.R. length and that length of éhe ossified paft of the shaft increases very
rapidly relative to the total length of the shaft.

‘Iz addition to the direct measurements of length, human fetal long bones
have been studied by other techniques. In particular, Moss (1954,1955) and
Moss, Nosack, ;nd Robeftson (1955) applied the concepts of differential growth.
Moss et.al. (1955) comsented that the qualitative descriptions of the changing
proportions of the various parts of the developing organism tend to be excessively‘
descriptive and are seidom reinforced by actual qualitative or quantitative
histological or gross anatomical obéervatiﬁns. Moss (1955) notes that the
érowth of the human ftetus is characterised by great changes in the relative
propo?tions of different parts of the body which accompany increases in absolute
body size and suggests that these changes are not haphazard but occur in an
orderlj seduence which can be simply expressed by using differential growth
techniques. Differential growbh is related to the concept of self multiplication
of growing tissues and therefore there is SOme‘doubt as to its applicability to
bone growth which is accretionary rathgr thun interstitial. HMoss (1954) however
explains that if bone is viewed as the result of gelf—multiplicative processeg
of the surrounding osteogenic tissues, then the differential growth analysis
concept is applicable not so much to overall growth of bone itself as to self- .

miltiplication in the osteogenic tissue. Moss (1955) studied 119 alizarin stained
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fetuses between 14 mm. and 175 mm. C.R. iength and measured the lengths of all
the 10ng bones, clavicle, and 6fh rib.,  The differential growth relationships
between all of these dimensions were then plotted and fhey were also compared
with log. C.R. length and log.time. The results showed that fetal skeletal
growth was capable of a simplified quantitative expression by the allometric
growth formula and also showed that there wzs a critical developmental horizon
for all of the skeletal system at the end of the first trimester. This horizon
was represented by a change in the value of the growth ratio k in the equation
Yy = bx

and this critical period was found to Be correlated with many morpholbgical
events in neighbouring tissues and structures, particularly the onset of
endochondral ogsifications The ratio of specific growth rates of any combination
of bone lengths was also found to.remain constant tﬁ?oughout the peried of growth.
Moreover, the bones of both distal limb segments grew relatively faster than those
of the respective proximal segments. PFurthermore each segment of the lower
extremity grew relatively faster than the corresponding segment in the upper
extremity. ¥hen each of the osseocus dimensions was plotted against leog. C.R.
length o; log.time a change in linear slope or “intérphase“ was noted with the
interosseous ratio remaining constant both before and after the interphases.
The value of the interphase was essentially the same for each of the osseous
dimensioné and Moss (1955) concluded that some common factor must have intervened
similtaneously in the growth of all the postcranial skéletal bénes. Moss et.al.
(1955) calculated the value of this interphase to be approximately 12 weeks of
mensﬁrual age and from their calculations of growth rate (dw/dt) of the osseous
shafts were able to conclude that the 12th weekis the time of greatest activity
for all the dimensions they measured.

A confusing picture is presented by the literature regarding the

comparative development of the right and left sides of the body. Schultz (1923)

- 63 -



measured the total length of left and righ£ humeri in 100 fetal cases in addition
to foot length and ear.height. He stressed that precise instfu;ents are required
and measurements need to be taken immediately after dissection so that the
cartilaginous parts have had no chance to shrink dufing drying. His results
indicate that human fetuses show a high incidence of asymmetry at least after

the beginning ﬁf the 4th month, the right humerus being longér in over 50% of
cases, ‘He found a similar proportion for 105 adults and %herefofe concluded that
the asymmetries in the a&ult must rarely be due to function or right-handedness.
Schultz (1923) also found that many more asymmetries exist in other parts of the
fetal body such as length of the clavicle and p&sition of the nipples. Schultz
(1926) reported on the available literature and highlighted the apparently
gontradictpry statements to be found where, on the one hand, asymmetries were
stated to appéar at the earliest during childhood, whilst, on the other hand,
other studies had shown that young human embryes exhibit marlced asymmetry. .Konig
and Kornfeld (1927) measured the lengths of the ossified shafts of fetal humeri
between 4 months and term and found asymmeiries in approximately one-third of
their specimens whilst their-me#surements‘qf ossifie& femoral shafts showed ihat
6n1y 10% of paired femurs were asymmetrical between 4 months and 6 months.  These
femoral asymmetiries decreased in number in older fetuses and disappeared at term.A
ﬁlecker (1942) realised that no detailed study had yet been made concerning the
possibility of any appreciable difference of one side as compared with the other
but felt that it was doubtfui whether any'de}inite difference exists although

he thought that it was conceivable that the different function of one side compared
with the other might well lead to some variation of the times of appearance of the
ossification centres. More recently ﬁurwell, Coates, Jackson, and Piggot (1974)
and Burwell and Dangerfield (1975} h;ve gtudied asymmetry in the upper limbs of
children and have gtiempted to compare their results te similar measurements taken

on children suffering from scoliosis. Many of their 510 scoliotic patients were
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found to have :asymmetry in length of tﬁe upper limbs with the asymmetyy being
related to the side of the spinél curve in that the upper limb Gﬁs longer on the
convexity of the lateral spinal curvature. These results have been compared to
a study of normﬁl_boys and-girls where various upper limb measurements were taken
and the findings sugpest that the velocity of growth in the upper limbs may not be
symmetrical during growth in all normal individuals.

The picture surrounding the measurement of fetal long bones may well
be clouded by a subtle difference in measurements between the two sexes, but
here also the available li£erature is confusing.  Although Adair and Scammon
(1921) and Pryor (1923) found that the tibia ossified earlier in females than in
males, Hesdorffer and Scammon (1928) found no significant sex differences in the
rates of growth of the bone as a whole or in any of its parts, even though their
graphs show the male to be in advance of the female;. On the oth;r hand, Halonen
{1929) using fetuses between 100-500 mm. C.H. length reported the percentage
length of the humerus occupied by the ossified par£ of the shaft and claimed to
have found sexual differences in the extent of diaphysial ossification with the
female being more advanced..

.There iz only a very restricted literature which discusses the growth -
of the various regions of the vertebral column. Bardeen (1910) reports that
Aeby (1879) measured the length of various regions of the spinal column at
different-ages and included the height of the constituent vertebrae with the
thickness of the intervening intervertebral discs. Hé found ﬁhat in young
embryos the cervical region is relatively much longer than in the adult and the
lumbar region is relatively much shorter. These results were confirmed by
Ballantyne (1892). Bardeen (1905) studied embryos between the 2nd and 3rd month
of development and concluded that if the lemgth of the thoracic region is taken
as 100, then the length of the cervical region is 60, the lumbar between 40 and 50,

and the sacral between 33 and 42.5. He compares his results to a similar study
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in.adults where the length of the cervical region is 41.7-47.5, the lumbar
56,3=71.6, and the saérococcygeal 61-68., Stockland and Marks 61961), having
| found the existing methods of fetal weight determination unsatisfactory, attempted
to develop a more accurate.method which involved measurement of the fetal spine.
This was just one of several measurements taken from radiographs of the fetus in
ptero and invblyed placing one point of a plastic flexible ruler at the level of
the coccyx and measuring to the dens along the contour of.the spine. These
measurements were limited to fetuses near to term and novspecific standards were
presented for the vertebral column as a single item.

Some investigators have recognised the potential of the lumbar region
of the vertebral column as an indicator of fetal maturity. ?agerberg and
Roonemaa (1959) criticised oﬁher.methods of ascertaining fetal age based on
various fetal measurements because of the difficulties iﬁ obtaining exact
prejections of the fetus in utero. They argued that since if is usually easy to
measure the length of the lumbar spiﬁe in utero, then it would seem logical to
study the correletion between this and fetal length. The length of the.lumbar
spine was measured from the.upper edge of the first lumbar vertebral body to the
lower edge of the fifth lumbar vertebral Sody following the curvature of the spine.
Howeve?, Fagerberg and Roomemaa (1959) state that there is uncertainty somebimes
in determining the points for measurement. ﬁevertheleSS they were able to give
a regression line for lumbar length against C.H. length and concluded that their
method permits a good approiimation of fetal length, aithough they restricted
the accurate measurement of fetal lumbar length to the latter half of pregnancy

with the patient in the prone position. Following this, Chang

o )

Woesner, Nakamoto,
and Sanders (1971) recognised the reliable results in the correlation between
fetal lumbar length and total fetal‘length preseﬂted'by Fagerberg and Roonemaa
{1959). They therefore attempted to determine fetal age from measurements of

the fetal lumbar spine on a radiograph utilising a specially constructed fetometer.
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The fetal lumbar spine was measured from the upper end plate of L1 to the lower

endplate of L. and the fetometer was made of flexible material in order to

5
accomnodate the curve of the fetal lumbar spine. Fetal age could then be
estimated by measuring the fetal 1umbar.spine with the age being read directly
from the fetometer. | Chang et.al. (1971) subsequently made estimations of fetal
age between 17 and 40 weeks of gestation but found that the method was less

accurate during the earlier périods of gestation.
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FETAL MOVEMENT

There have been only # very limited number of recorded observations
on human fetal movements and adequately controlled studies did not begin to appear
until the work of Minkowski.(l920), whose studies, between 1920 and i946, covered
75 fetuses and whose results have been based on dictated notes made at the time
that the fetal reflexes were seen ex utero. Hooker (1952) reported on the work
of earlier investigators who, unlike Minkowski (1920}, had made little effort to
maiﬁtain a normal condition of the fetusgs during their observations and argues
tha£ their results cannot be evaluated satisfactorily.:  The most extensive and
carefully documented accounts of human fétal reflexes appear to be those of
Hooker himself between 1932 and 1956 when he reported on a total of 159 fetuses
basing his reports almost enfirely upon motion picture fecords. He also studied
20 premature infants and 7 embryos below the age at which the earliest reflex had
been noted (Fitzgerald and Windle (1942) at 20.0 mm.C.R.; Hooker (1952, 1954, 1958)
at 20.7 ﬁm). Hooker published many papers and among them was "A Preliminary
Atlas of Human Petal Activity" which unfortunately was a limited edition (100
copieé) published privately in 1939, Illustrations from this and other.unﬁuhlished
records of Hooker have been widely used in scientific publications and in more
general articles and Gesell (1945) includes, amongst others, a'life—size
illustration of the earliest recorded fetal movement taken by Hooker which is
reported to be of a‘fetus of C.R. 25 mm. or 8% weeks menstrual age. A fine hair
was stroked across the right cheek and the long muscles of the neck and trunk
on the opposite side (left) contracted.causing a contralateral body flexion. The
shoulder muscles also contracted, causing the arms and hands to move backwards
and in 3 pictures taken over approximately ¥ second the fetus was observed to
return to its original attitude. Similarly for a fetus of 117 weeks menstrual

ﬁge Gesell (1945) illustrates that stimulation of the maxillary-mandibular nerve
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area by lightly stroking the right pheek caused the head to be extended slightly
and flexed contralaterally. The arms and hands meanwhile moved-backwards and
downwards on both sides of the body and the hands moved towards the midline.
The whole of this action occurred within approximately ¥ second.. For a fetus
of 14 weeks menstrual age, Gesell (1945) illustrates its response to tactile
stimulation applied to the lumbar region and exten&ing to the neck along the
paravertebral line. The fetus responded by exténding its head, opening its mouth,
and arching its back whils rotating the right side of its trunk forwards. This
response was accomplished in one second and in one further second the fetus had
returned to its original posture.
All of Hookef's films have been recorded on black and white film at
a speed of 16 frames per second and the aim was to %ecord as accurately as possible
ihose movements that occur in.resfonse to a known stimulus during the short time
available before the oxygen supply of the fetus becomes so depleted that all reflex
activity ceased. All observations were made with the fetus in an isctonic bath
containing normal mammalian saline or Tyrode's solution, usually at or near normal
body temperature'and the stimuli were evoked by hair esthesiometers. These were
‘calibrated to provide maximum pressures pf 10, 25, 50, 100 mg, 2, 5 g, although
the actual pressure exerted by a light stroke was far less than the recorded value.
Hooker (1952) reéorts that until about the middle of the 7th week of
menstrual age, the human embryo appears to be incapable of any type of reflex
activity and stresses that there is certainly no area of integument sensitive to
exteroceptive stimmulation before this time. He found, however, that the
musculature of the human embryo may be electrically stimulated to contraction
beginning with the latter part of the 6th week but records that the contractions
are sharply localised., Between the Tth and 8th weeks of menstrual age Hooker
(1952} found that stimulation by stroking the upper or lower lip or nose led to a

typical contralateral flexion of the neck and uppermost trunk with little or neo
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parﬁicipation of the upper extremities aﬁd certainly none by any other part of
the body. From his Pittsburgh;studies which involved 131 fetuéiranging in
menstrual age from 6% weeks to 45 weeks {(post mature), Hooker (1952) notes two
typical cases.

At 8} weeks Hooker (1952) records that the typical response consisted

“chiefly of contralateral flexion of the neck and trunk, although two ipsilateral
flexions are recorded. AExtension of the arms at the shoulder was also typical
although this was_withouf any separate movemenl of the elbow, wrist, or fingers.
There was also rotétién of the pelvis towards the contralateral side and all these
movements were simultaneoué although, ﬁs the fetuses got larger, theré was a
short period of delay before the pelvic rotation followed the trunk flexion.

The relaxation of the movement and return to normal position was found to be
accomplished first by the arms &nd‘then by the neck;-trunk, and rump, although
an exacﬁ return to the original position did not always occur; Hooker (1952)
found that a series of such responses may be.elicifed at short intervals for as
long as three to four minutes after the beginning of placental separation.

At 7% weeks Bookerr(1952) found that the ares of skin most sensitive to
stimulation is restricted to the areaabout the lips and alae of the nose, but by-
8-9% weeks this region of sensitivity had extended to include the chin and more
lateral parts of the mouth an& nose. By 11} weeks the entire face is said to be
sensitive in all fetuses and Hooker (1952, 1954) connects these findings to the
development of the trigeminal nerve which supplies theée areas ;nd which has long

. been known to be the cutaneous sensory nerve which first becomes functional in
mamnals. It appears that in Man it has been impossible to distinguish with
certainty whether the skin area supplied by the maxillary or mandibular divisions
becomes sensitive first even though stimulation of the ophthalmic division has
been shown to cause reflex responses only later in development (llooker 1954).

The axial reflexes which first appear at about 7% weeks are restricted
to the muscles of the neck at their inception and later they extend caudally to

involve all the trunk and limb girdle musculature (Hooker 1954). The extent
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and pattern of the axial responses appear to be so closely related to age
that it has been possible to age embryos and younger fetuses soiély on the basis
of the pattern of their reflexes (Hooker 1954}. At 7% weeks, exteroceptive
stimulation with a fine hair over the perioral cutanecus area causes a
contralateral flexion of the neck and although ipsilateral responses do occur at
slightly older gges; they are rare and none was ever seen at 7i weeks either by
Fitzgerald and Windle (1942) or by Hooker (1954). By 8 wéeks there is sufficient
caudal progression of neﬁromuscular development that the upper trunk muscles
become involved in the response and by 8% weeks, exteroceptive stimulation in
the perioral region causes primarily a contralateral flexion of the neck and
trunk., By 10} weeks axial extension has begun to replace la£era1 flexion.
Hooker (1952) discusses three factors vwhich might modify the validity of
his results and his arguments might well apply to many siﬁilar studies regarding
fetal movements. The progressive bkypoxic condition resultiné from placental
separation occurs 1-2% minutes before.the stimﬁlus.is applied and must have a
major influence on the fetul‘responses it evokes. This hypoxic factor cannot be
eliminated unlesg the situation arises allowing examination of the fetus in utero
imerely by incising the gravid uterus (Fi£zgera1d and Windle, 1942). Similarly
maternal snaesthesia may well affect any maternal factor(s) involved in the
production of "normal" fetal movements and if fhe anaesthetic itself crosses the
placental barrier then the fetal movements themselves may well be curtailed.
Amongst the physical factors which might modify fetal éovements is the change
in pressure following.delivery of the fetus. However, Hooker (1952) believes
the effect is minimal having observed no actual difference between movement of
embryos within the intact amictic sac; where the pressures differ little perhaps
from those in utero, and after theif rclease'froﬁ the sac . Older fetuses
however will gain a freedom of action once they are delivered, particularly of

their extremities, which is denied within the uterine walls (llooker 1952).
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The relative temperatures of the uterus aﬁd waterbath might also dramatically
affect fetal responses and althoughAthis factor can be controlled to some extent
it can never be qompletely eliminated particularly at thé moment of transfer.
Another factor that is impossible to eliminate involves the manipulation of the
fetus and its membranes during hysterotomy. No matter how careful removal is
performed there must always be some effect upon the fetus and therefore it appears
that results from studies such as Hooker (1952, 1954) must always be viewed with
some caution.
| A few motioﬁ pictures have also been made by Windle and Fitzgerald (1942)
using ﬁregnancies terminated for medical-reasons which allowed a brief apportunity
{0 examine vnasphyxiated embryos with the placental circulation intact.
Unfortunately they do not appear to'have been made available to others (Humphrey 1970,
nor have the illustrations ever been pubiishéd. Fitzgerald and Windle (1942)
observed the first somatic movements about 8 weeks menstrual age. By tapping
onrthe_exposed amniotic sac of an 8 weeks Petus they were able {o observe a quick
movement of the fetal arm, and touching of the oral region resulted in head
movement to the opposite side and backwards, a result very similar to that reported
by Hooker k1952, 1954). ¥hen similar experiments were carried out on older
fetuses movements of the trunk and legé appeared but always, after placental
geparation, the discrete character of the movements was lost although head
extension and mass movements of the trunk were still obtainable..‘Fitzgerald and
Windle (1942) criticise other investigatgrs whose examination of fetuses was
comparatively delayed when, presumably, only those reflexes which are most
resistant to asphyxia reﬁain.

Little information is available concerning the origin and sequence of
development of the wvarious components of the human brain. Although gross features
of the developing nervous system were established m&ny.years ago Windle (1970,

1971} reports that very few new details have been added since the turn of the

-72 -



century. Even so, more appears to be known about the development of structure

than of function since only flgeting glimpses of movements or'réflexes have been
observed and although there are several accounts of early behavioural development
there is a lack of correlation bétween structure and function and, more particularly
there is a lack of interpretation of the observations made cn human fetuses. °*

The iegal and ethical problems associated with experimental attempts to
use human fétal material has led to the development of comparative studies using
animal fetuses wvhere the'appearance of the earliest somatic movements have been
correlated with the development of certain intrinsic spinal cord and medullary
structures (Windie 1970, i971)} The embryos of cats and other mammals have
‘provided the basis for much of our pregent knowledge although Windle (1971) found
that the fetuses of cats were'at first rather more responsive, and spontanesous
movements were occasionally seen in the older fetuses. | After claﬁping the
umbilical cord he noted specific changes in the Tegponse to sfimulation. For
example extenéion gave way to flexion or ipSilAteral movements and were
interspersed with contralateral movements.  As asphyxia occurred all responses
.to stimulation sticpped, mass movements being the last to disappear. Structurally
too, humen embryos closely resemble other mammals in that only minor species
"~ differences in the pattern of neurofibrillar differentiation were‘encountered
in specimens comparable with human embryos of between 4 and 7 veeks of menstrual
age (VWindle 1970). 

The development of effective pathways is said.to begin in the
rhombencephalon and upper part of the splnal cord and then proceeds both rostrally
and caudally (Wlndle 1970) with elements of primary efferent and secondary or
interneuron systems being recognisable at 4 weeks (Windle 1971). Movements
induced in the 8 week o0ld human fetus, particularly those of the forelimbs, were
thought to be simple reflexes involving 2-3 neurons and the principle guestion now

centres around the relationship between the development of the embryonic brain
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and the concepts of behavioural development. VWindle (1970) states that the
fetal brain certainly becomes qoncernea with both sensory input and motor output
but it is hard to say just when either of these functions has its beginning. The
first sign of muscle contractions appears not to be a very worthwhile,landmark
because even though there are no intrinsic neural elements present, contractions
of the human heart muscle begins at 3-4 weeks of menstrual age and, furthermore,
other types of muscle have been shown to be capable of contraction before their
nerves have reached them;‘e.g. smooth muscies of the intestine by 7 weeks énd
skeletal muscle before 8 weeks (Windle 1970). The principal neural elements
required for réfle# arcs are présent at 6-7 weeks of menstrual age and histological
examination of the spinal cord stained with silver has shown that they consist of
primary afferent and efferent_neurons with seéond order neurons inbetween. The
primary afferent axons however do not have collateralbr;nches to cénnect them
with inter-neurons or the primary efferent neurons until the ehd of the 7th week
(Windle 1970); These early responses to stimﬁli could not be proved to be
reflexes however because the'formation of syndpses had not been demonstrated.
Bodian, Melby, and Taylor (1966) however demonstrated their presence in non-human
primates using the electron microscope.l. There is therefore no longer doubt that
the responses elicited by stimulation at 8 weeks by Windle and Fitzgerald (1942} and
Hooker (1952, 1954) were indeed reflexes. As gestation develdps‘from 8 to 12
weeks these simple :éflexes appear to become more complex, buit one feature which
emerges is that the firsl connections appear to be so érganised that ipsilateral
rather than crossed reflexés occur (Windle 1971). ﬁowever, Geséll (1945) illust-
rates the first fefai movements using pﬁotographs from'Hooker's studies and |
these clearly show the first movements to be contralateral activity of the trunk
‘with bilateral activity of the limbs.,

Windle (1970) continued his neural observations and found that at

8 weeks there is a region between the tracts ascending from the spinal cord and
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rhombencephalon and those descending from the forebrain whers the neurofibrillar
development is sparse and he concludes that it is therefore unlikely that the
rostral parts of the brain exert any influence upon the lower centres during this
.period. Windle (1970) suggests that the ;eflex mechanisms once they are initiated
are not restrained but later on, with older fetuses, an inhibition is brought about
with the descgnt of tracts from the extrapyramidal centres and much later on from
the cerebral cortex. Windle (1971} gives evidence from several species to
illustrate that the responses of a fetus to stimu1a£ion become more difficult to
elicit at a certain stage of develoﬁment and from such findings it has bee assumed
that this coincides with the timé.when neurcns carrying inﬁibitory impulses descend
from the higher centres of the brain. Evidence 1o show that the cerebrum exerts
little influence on the developing centres in £he medﬁllé oblongata is provided
by rabbit fetuses which have been decapitated in utero. They have continued to
grow and the Central Nervous System (C.N.S.) was found to be relatively normal in
appearance. The fetuses, however, were found to be much more responsive to
stimuli than control fetusés and their movements were found to be more rapid and
lagted longer (Jost 1967, 1969), and possibly this illustrates failure of development
of an inhibiting mechanism.

A theory has been proposed that the initiation and maturation of function
in the nervous system is dependent upon the formation of m&elin-sheaths (Windle 1971)
In general, functional:development and acquisition of myelin by certain fibre tracts
do appear to be related but it has been clearly shown that there is much well-
organised activity present within animal fetuses such as the cat before there is any
myelination. That.myelination increases conduction velocity has been ghﬁwn by
Grafstein (1963), and Huttenlocker (1970) has suggested that.before myelination
nerve fibres might also possibly fatigue rapidly thus creating some sort of

copduction block. These facts suggest that with myelination the nature of the
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fetal responses might change and this is sﬁpported, although ma%e more
complicated, by recognition of ‘the p;ssibility that myelinatiSn is governed
to some extent by the onset of neﬁral function. This has been shown by Gyllensten
and Malmfors (1963) who showed that the development of myelin sheaths on the optic
nerve fibres %s retarded in mice who have been reared in total darkness.

Regarding the peripheral ﬁervous system, nerves and ganglia have been
shown to be present in hyman embryos of 4-5 weeks menstrual age (Windle 1971),
but actual motor and sensory nerve endings are not found until much later. The
nerve endings in the organs for balancg,.hearing and olfaction develop before
those for taste and vision (Windle 1971) and little is known about the time when
the sense¢ organs become capable of functioning although inferences have been drawn
from the responses produced by various stimuli. Buller (1969) showed that muscle
spindles aﬁd motor end.plates begin to form in human fetuses at 3-4 months of
menstrual age end the fact that muscle contractions can be elicited at 2 aonths,
indicates that a simple form of motor reépoﬁse can take plac; before any'
speciali;ed nerve endings are present and long before the periphéral axons become
myelinated. No sﬁontaneous myogenic acfivity'has been shown to occur in
mammal ian striated muscle except cardiac although whether or not such muscle may
. be mechanically or electrically excited to contraction without the intervention of
motor nerves is not yet settled (Hooker, 1952). Bare nerve fibres with bulhous
?aricosities at their growing tips have been shown to be present among the
myoblasts of the 7 weeks old human fetus (Windle 1971) and by 8 weeks they have
been shown fo be capable of transmittiﬁé impulses to the young muscle fibres. By
the 3rd and 4th month the specialised sensory endings of the human skim have been
developed although nothing appears to be known about their function in utero.
Windle (1971) doubts whether pain, touch, or temperature exist in pre-natal life
as we know them and there are no indications that the fetus possesses any positiocnal

sense. Windle (1971) suggests that these funetions presumably lie dormant until

- 76 -



the fetus becomes exposed to the externgl environment but illustrates their
poetential by recording that the t;sté buds have been shown to'b;~active in utero
through exporiqents involving sweectening of the amniotic fluid., Similarly the
olfactory mechanism is also believed to be capable of funétioning and, although
the neural mechanisms for vestibular function and hearing are laid down by the
S5th to 6th weék théy apparently do not become active in pre;natal life (Windle 1971
Several reports are available however which clearly illustrate that the older fetus
can respond to loud sounas, apparently in a manner similar to an individual in
deep sleep (Sontng‘and Vallace, 1934). - The autonomic-nervous system, which
reguiates an individuals response to his internal environment, is preéumably
required very little in utero. Some functions, however, such as response to an
increase in carbon dioxide, have been shown to exist_(Windle 19?1) and these
have been reclated to the need of the fetus to be prepared for action should birth
occur (Windle 1971).

Hooker (1952) suggests that behdviour is a fundamental characteristic
of allanimals and that structure and function are directly and inseparably related.
He believes that when any organ reaches a level of development where its
differentiation is consonant with function, then the organ will begin to funciion
provided the environment is appropriate., He draws attention to the fact, however,
that the functioning of a developing organ may not be the same as that exhibited
when.development is complete and he draws attention to the facﬁ that all organs
do not reach a functional state in their development at the same time.  Therefore
the behaviour of an organism attains its adult form only when it approaches
maturity (Hooker 19525. Gesell (1945) records that as the fetal body grows so too
does behaviour and, from s functional aspect, the fetus can be regarded as a
growing action system. Hooker (1952) notes that just as an embryo develops
morphologically in an orderly sequence, so it also does in its behaviour. Windle

(1971) continues this line of thought and attempts to orgenise the movements



observed into some sort of pattern.

Sucking, swailowing, grasping, righting, locomotion,'a;& breathing
are to be regarded as basic fetal movements and Windle (1971) considers the earliest
fet&l movements as "avoidance" mechanisms in vhich movemeﬁt is made away from the
stimulus. Later in fetal life, touching the oral region may become a componént
of feeding wﬁiﬁh reéuires movement towards the stimulus with.opening of the mouth.
Windle (1971) however believes that the action of mouth opening might also be
necessary for "gasping".. Evidence for Windle's beliefs is to be found in
experiments which have shown feeding reactions to be adversely affected by asphyxia
with sucking bécoming abolished.and swallowing impaired;

From his animal experiments, Windle (1971) believes that as animals of
all species need to acquire the ability to riéht themse}ves and engage in locomotion
sometime dﬁring their maturation, then "righting" and "locomotion" would presumably
be more develqped during fetal life in "herd".animals than in "nest" animals. On
this basis, these‘actions would be imperfecﬁly represented in the human infant
at birth and Windle (1971) believes that they can hardly be considered essential
for survival, and this interpretation does explain the differences one might expect
to find between species when observing fetal movement. Windle (1971} believes
that respiration is the most immediately essential movement required for survival
and it is not surprising therefore to find that the motor compénents for breathing
develop very early.. The first reflexes to be elicited at 8 wecks of age appear to
Windle (1971) to be utilised in the "gasp" reflex, thg motor components being
those of head extension acdompanied by férelimb flexionf Gasping appears to be
the most resistant.reflex af all to asphyxia because although most of thé fetal
reflexes succumb quickly after placental separation,Windle t1971) has found that
gasping (or, in early fetuses, the neck components which are later incorporé£ed
into gasping) is the last to disappear.

Similarly, many investigalors believe that preparations are made early
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in pre-natal life for obtéining and agsimilating nourishment after birth

(Preyer, 1885; Davis and Potter, 19546; Windie 1971). They believe that since the
need of food is secondary only to that of air, it is not surprising to find
evidence of swallowing and éastrointestingl movements in young human fetuses.
From experiments which showed the presence of squamous epithelial cells and

lanuge hair in the éontents of the digestive {ract, it has iong been inferred that
the fetus swallows amniotic fluid. Preyer (1885) in fact guggsted that amniotic
fluid is a food for the fetus and that the proteins'in particular that are
swalloved may contribute to fetal nutrition. Windle (1971) hovever believes
that the nutritional value of the proteins must be slight even though radioactivﬁ
tracer experiments have shown that the normal fetus swallows approximately 500 ml
. of fluid/day. To support this Windle (1971) observes that anencephalic fetgses
. do not swallow“énd there is no evidence to suggest that deprivation of these
smniotic fluid proteins.greatly retards their growth . By using radiography to
follow the progress of ingested Thorotrast in human fetuses obtained from
therapeutic abortions, Davis and Potter (1946) showed that fetal swallowing can occur
when only 12 to 15 weeks old.
There is considerable argument concerning the development pattern of

the various reflexes. Humphrey (1970) recﬁrds that the spinal nerves in the
;ervical region innervate the muscles of the neck vhich cause contralateral
bending of the head seen Qt 20.0 mm. (Windle and Fitzge;ald 1942} and 20.7 mm
(Hooger 1952, 1954) C.R; length (7.5 weeks of menstrual age). She believes that
the reflex pathways available at this time proﬁably only includes trigeminal
nerve fibres, the ventral white commissure at cervical levels of the spinal cord,
the ventral roots of cervical spinal nérves, and the spinal accessory nerve
with additional neuronal pathways being necessary ;s the reflexes become more
complex, Therefore, although they are limited in the amount of muscle centraction

. they involve, these earliest reactions are believed by some investigatoré to
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constitute '"total pattern reflexes” in thé sense used by Coghill (1929) and later
by Hooker (1952, 1954); for they involve all the neuromuscular ﬁ;chanism sufficientl;
mature at that particular time to react. For human fetuses Humphrey (1970)
records that these total péttern reflexes soon include contraction of all axial
trunk muscles and shoulder and pelvic girdle muscles as well. The whole body

is then involvéd in the contralateral flexion reflex with the arms pulled back or
extended at the shoulders and the rump being contralateraliy rotated. At 8}

weeks of gestation the méuth first begins to open as part of a total pattern

reflex (Humphrey 1970) and therefore the earliest mouth opening is not an isolated
event but part of ; reflex involving head, trunk, and extremities. Humphrey (l§70)
has found that it is only much later that mouth opening can bé elicited without |
either head or extremity movements oceurring at the same time. This approach

is disputea b& Windle (1971) who criticised investigations of fetal movements
involving some deley after removal of the fetus from the uterus. He found that
when.the placenta separated, the discrete character of the responses was.lost,
although head e%tension and mass movements of the trunk were still obtainable.

The situation is complicated by the fact that when the oxygen supply of thé fetus
is exhausted, reflex activity ceases (Angulec 1932). .Humphrey (1970) interprets
this as meaning that only when oxygen is unrestricted can the most recently deveiopei
;reflexes be detected and consequently as the carbon dioxide accumulates and the
oxygen diminishes only those reflexes that developed early in fetal life are
retained.

Associated with all work on fetal movement is the philosophical question
of whetheir fetal movements can occur spontaneously or a¥c indeed reflex activities.
Hooker (1952) defines behaviour as: |
Meeereesnnnsann,the sum total of thé adjustments made by the organism to changes
in its internal or external environment. The activities of the mechanisms
invelved in restoring the dynamic balance of the organism as a consequence of the

environmental changes give rise to bodily activity."
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Using this definitiomn, it wouldlappear that there are no spontaneous
fetgl movements but Humphrey (197ﬁ) records that for a few reflé;es, the nature
of the stimulus is unknown and thatiraditionally such activity has been referred -
to as "spontanesous. Windle (1970) has found that some fetal movements occur
spontaneously although Gesell (1945) believes that within the environment of the
amniotic sac the fetus is well protected from shocks and distorting stresses with
perhaps only gravity exerting its moulding influence ceaselessly agd evenly.
Gesell (1945) also reports that the early actions of the fetus must be presumed
to occur in responée to internal promptings but then fails to elaborate on this.
Howe%er, Sterman (1971) foﬁnd that the-spontaneous movements of the human fetus
show two periodicities from 21 weeks of gestation tp‘term; one being between 30
and 50 minutes which appears to be the saméaas the innate Basic Rest~Activity
Cycle (B.R.A.C.) of the infant af£er birth; the othéf being b;tween 80 and 110
minutes which appears to correspond to the B.R.A.Q. of the mother.

There have been reports of fetal bréathing in uterd for many years but
the spontaneocus nature of this activity has often been doubted {Boddy and Mantell,
1972). Ahlfeld (1888) des;ribed certain maternal abdominal wall movements
vhich he.attributed to fetal breaihing. His observations have not been generaily
accepted because there was no direct evidence that the movements reflected those
. of the fetal respiratory muscles and studies in laboratory animals suggested that
fetal breathing in utero was not norﬁally present (Boddy and Mantell 1973).

Daves, Fox, Leduc, Liggins, and Richards (1970) howevér, thougﬁt that the absence
of respiratory movements in the normal fetus would be surprising in view of the
remarkable compétence of the respiratory musculature té maintain prolonged
hyperpnovea after birth and in their experiments on feial lambs between the
fractions 0.3 and 0.9 of term, which were delivered under maternal epidural
anaesthesia into a warm saline bath, they were able to observe fetal respiratory

movements. Dawes et.al. (1970) were able to detect similar movements from
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intratracheal and amniotic pressure recordings from-indwelling catheters in
14 fetal lambs in utero between the fraétions of 0.68 to 0.95 of term and, after
recovery from the operation, Dawes et.al.(1970) found that the irregular rythmic
respiratory movements were always present up to half tﬁe time over sé%eral days.
A gurprising finding was thaﬁ there was no obvious correlation with fetal carotid
blood gas values and that the fiuid movement within the trachea was very small and
insufficieni to clear the "dead" space presumably because of the high viscosity
and.density of the fetal ﬁulmonary fluid. These }indings would explain the
resﬁlts of experiments where radio—opaqué contrast medinm has been introduced
into the amniotic cavities of animals and of man and has resulted in the contrast
medium reaching the gastrointestinal tract but not the bronchial tree. (Beddy
and Mantell }972). Fetal breathing movements havé been used as an indication of
good health in fetal lambs (Boddy and Mantell, 1972) and the first sign of
impending disaster appears to be the diminution of or alteration in'the
characteristics of these movements (Boddy and Dawes, 1975). In fetal lambs
there is normally fetal breathing for about 40% of the time (Boddy and Mantell 1973)
and tﬁere appear to be two distinct types of movement; the first type consists
of rapid irregular movements of 1-4 Hz only discernible during electrocortical
signs of Rapid Eye Movement (R.E.M.) sleep; the second type consists of episodes
of slow, l~4/min., relatively deep respiratory efforts for 5% of the time described
as gasps or sighs b; analogy with such phenomena after birth (Boddy and Dawes,
1975). _ _ ' :

| The recent development of ultrasonic techniques for monitoring fetal.
development has included a method for monitoring fetal respiratory movements
(Boddy and Mantell, 1973; Boddy and Dawes, 1975). Such a method involves locating
the fetal heart echo on an A-scan display, when the fetal chest wall is identified
and wall movements recorded {Boddy and Dawes, 1975). Using this method human
fetal chest wall movements in utero have been detected as early as 11 weeks of

gestation {(Boddy and Dawes 1975) and these results correlate well with Windle's
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-beliefs (1971), The bgeathihg movements age casier to identify by 13-14 weeks
of age but even then they are very irregular. This irregular éattern is present
up to 20 weeks but in many fetuses over 36 wecks, fetal breathing movements have
become regula;; as occur neormally after birth at fuli teérm (Boddy and Dawes,
1975). The inc;dence-of movements appears to be rathef greater in ﬁan than in
sheep, being present in the region of 55~90% of the time and recent evidence
(Boddy and Dawes, 1975) sqggestsihat the incidence falls near the onset of
parturition. As in sheep, the movements are often épisodic and irregular but
are clearly distinguishable from "hiccoughs" (Windle, 1971) and from movements
of the limbs, with a normal frequency of between 30 and 70/min. There is also
evidence ofdiurnal variation in the proportion of time during which fetal
breathing movements are normally present (Boddy and Mantell, 1973; Boddy and
Dawes, 1975) and there is also evidence to suggest tﬁat hypoxaemia, hypocapnia,
bypoglycaemia, and respiratory depressant drugs reduce fetal breathing, whilst

. hypercapnia increases its rate and depth as in sheep (Boddy and Mantell, 1973).

In many women, particularly multiparae near term, fetai breathing moﬁemgnts
have been seen occasionally on the abdominél wvall {Boddy and Dawes, 1975) and in
maﬁy antenatal patients, localised abdominal movements have been seen which can
be attributed to fetal bredhing in utero.Boddy and Mantell (1972) identified
fetal breathing from maternal abdominal movements using the positions of the fetal
parts because they found that usually an intervening fetal limbvappeared.to transmit
the breathing movements to a small area.

There is a fairly high correiation between measurements of fetal thoracic
movéments in uvtero using ultrasound A—scan and their detection using a force -
tranducer placed on the maternal abdominal wall (Boddy and Mantell, 1972) and
similar experiments involving the placing of a force tfansducer on the maternal
abdominal wall have been undertaken to iﬁvestigate the incidence of more
" general fetal movements. Trials involving subjective measurements of maternal
appreciation have also been used to invgstigate the indicence

of more general fetal movements (Mathews, 1973) but there appear
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to be many factors limiting the value of'such experiments (Liley, 1972).

Reinold and his colleagues (1971(a), 1971(b), 1971(c), 1972, 1973, and
1976; Reinold and Geortiades 1974; Reinold and Kucera, 1975) proposed methods
for observing active fetal movements in utero using ultrasonic equipment. With
the aid of an ultrasonic sectional imaging unit (VIDOSON) it was found possible
to continuousiy follow the course of fetal movements. In a&dition to recording
fetal cardiac action, Reinold (1971(c)) was able to monitor active fetal movements
and these he considered to be of greater importance than the heart movements.
He found it possibie to demonstrate these movements successfully from the 8th
weekAof pregnancy‘onwards and in an atiempt at quantitation he descriﬁes these
movements as being either lively and very frequent or slow and with considerable
intervals between them lasting from 1 to 5 minutes. (Reinold 1971(&)). In particular
he was unable to demoﬁstrate in any of the cases a éause which might have
triggered—off the movements (Reinold 1971(c)). He stresses that uterine
contractions might lead to passive movements éf thé fetus which need to be clearly
distinguished from the activg movements. Reinold (1971(a}) compares the early
fetal movements to-the darting movements of a fish and suggests (Reinold, 1973)
that the.fetal body is lkicked away from the wail of the amniotic cavity and then
continues to swim and élowly resettle again into its original position. He
suggests that the touching of the amniotic wall may induce a new movement which
gtarts with a strong and sudden action resulting in the whole body of the fetus
moving and changing positicn in the amniotic cavity. 'The other type of movement
which Reinold (1973) detected is described as being slow and inert, there being no
strong component in the movement. The position of the.fetus in this situation
is changed either only slightly or not at all and it appears that only parts of
the body, such as the extremities, are moved. Using this method, Reinold (1973)
suggests that it is possible to prediet when the fetus is at risk, particularly

when ‘spontaneous fetal movements are absent.
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Gesell (1945) suggests that the behaviour of the fetus is not as
random nor even as reflex as it might seem. le encourages pebﬁie to suppress
the image of the text book fetus on the grounds that many are based on post-mortem,
frozen sections which exaggerate the crumpied and confined attitudes of the fetus,
too often being pictured in a stereotyped sedentary posture. He advocates
picturing the fetus in prone, supine, and cbligue orientations which it must
variously assume realising that even later in gestation the fetus still has scope

for body movements and variations in position.,

-
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CHAPTER IIJ

METHODS AND MATERIALS
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METHODS AND MATERTIALS

Three different sets of radiographs were used in the study and each

set was obtained from & different source;' Nottingham, London, and Southampton.

.

Nottingham Material

One hundred and ninétyhfive human fetuses were obtained from the
Department of Human Morphology of Nottingham University Medical School. The
fetuses were the products of induced abortions and had been acquired over a
period of approximately four years-duriﬁg wvhich time they had been fixed and
preserved in formalin. Scammon and Calkins (1929} showed that preservation in
formalin does not sigrificantly alter such specific dimensions as C.R. length
but O'Rahilly and Meyer (1956) criticised formalin for being a decalcifying agent
either aloﬁé or in conjunction with other substancés. Ham (}957) hbwaver, states
that mineral deposits are net materially affected by aqueous fixing solutions
such as formalin unless they specifically céntain an acid and therefore this
latter criticism is inapplicable in this case.

Unfortunately no clinical history was attached to any of the fetuses
and therefore no determination could he made of any of the factors known to
affect growth and development or ossification.

The fetuses #ere initially gradea by a visual assessment of their
approximate C.R. length and were then marked by attaching a small piece of
numbered Dymo tape to either the left ankle for the larger fetuses or tc the
neck for the smaller fetusés. In this:way the fetuses were catalogued for
future reference in an app¥oximate order of C.R. length. Such a procedure
also showed that all of the fetuses were whole and none showed any sign of
external abnormality. On this basis, none of the fetuses was initially excluded

from the study.
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Several external measurements were taken of the individual fetuses;

[

a) Crown-Rump Length

The fetus was allowed to take up its "fixed" position in a lateral
plane and the.greatest distance from the vertex to the bu£tocks was measured to
the nearest O.? mm, using the anthropometric calipers shown in Fig.l. This
positiom was easily obtained in those fétuses that were trgl& "fixed" but in
several fetuses the neck.was "loose" and a subjective estimate of & "normal" fetal
position had to be applied before the measurement could be made. Coupling this
with the apparently normal range of biolbgical variation in the fixed fetal
position, there is a possibility that the potential variance of such a measurement
is going to be quite large.

b) Crown~Rump Extended Length -

With the help of a second observer, each af the fetuses was held in
an extended position in a lateral plane and the greatest distance from the vertex
to the buttocks was measured to the nearest.O.S mm using the anthropometric
calipers. (Fig.2). This ﬁosition is more objective in terms of measurement than
that of C.R. 19ngth and because of this dﬁes not possess the variation assoéiated
with ‘"normal" fetal posture. (Quite clearly it might also be an entirely
different measurement to that of C.R.length (Bagnall, Jones, and Harris, 1975).

¢) Bi-Parietal Diameter (B.P.D.)

With the fetus held carefully in the left hand, the greatest distance
between the parietal bones of the skull was measured to the nearest 0.5 mm.(Fig.3).
During this procedure considerable varigtion was noted between fetuses regarding
théir relative state of dehydration with several of the fetal heads showing a
distinct shrivelled or shrunken appgarahce whilst others displayed a more full,
rounded shape. It would appear that although formalin has been shown not to
significantly alter such specific dimensions as C.R. length (Scammon and Calkins,

1929) it might well affect the measurement of such lengths as B.P.D. A further
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Figure I. The Measuring of Crown Rump Length.




variation was noted concerning the shapes of several of the fetal skulls

which appeared to be outside the normal range of biclogical vdri;tion. The
majority of the fetuses possessed an approximately spherical skull whilst others
poséessed a8 distinctly conical-shaped skuli, and it was réalised that- this

might lead to a sizeable source of variation. Perhaps an explanation for a )
conical skull; whicﬁ is apparently normal in all other respeéts, is to be found
in either the mechanics and circumstances of the abortion from which the fetus
came or the position and'method of storing, in addition to the possibility of

nermal vaiiation. .
d) Weipht.
The fetuses were carefully dried in a paper ilowel and then weighed
on a torsion balance to the nearest 0.1 g. it was realised that ﬁhe weight of
a fetus will fluctuate according to how much fluid has been absorbed as well as
how much material is included in éhe measurement and it was therefore appreciated
that weight is by no means an ideal measureﬁent, only a convenient one. As
Tanner (1970) states:
"It lumps together too many different tissues".
However, the simplicity and ccnvenience of weight as & meagurement must weigh
heavily against any criticism of its accuracy.
e) Sex
Using the criteria set out by Hamilton and Mossman (1972) an attempt
vag made to determine the sex of each of the fetuses. Hamilton and Mossman (1972)
report that up to about 50 mm. C.R. 1engﬁh the external genitalia in the two sexes
are essentially siﬁilar and.it is only after 50 mm, C.R. length that sexican be
determined from external characteristics without error. Hawever, even with the
aid of a 4 dioptre lens, this proved to be a most difficult task especially ;ith
@he'smaller fetuses and therefore there were several fetuses in whom the sex was

not determined.
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v To eliminate inter—chserver error of measuring, the same observer
' . -

made all of the measurements and in order to check the accur;cy of these vital
external measﬁrementg the distances of B.P.D. and C.R.E. length were taken "blind"
for a second time approximately three weeks after the initial measuring. The
results of this second occasion were compared with those obt#ined initially and
any discrepancies were checked.
The close inspection of the individual fetuses that the determination
of the external measurements required, failed to r;veal any fetus which exhibited
an obvious external abnormﬁlity and thefefore all of the fetuses were included to
the 1E-Ltter part of the study. )
No attempt was made to determine the traditional Crown-Heel length of
‘the fetuses owing to the difficulty of placing the'fetuses in the requifed
position for such a measurement. When the fetuses are fixed it is extremely

difficult to satisfactorily straighten the flexed hip and knee joints.

‘Photographs

A black and white, 35 mm. photograph was taken of each individual_
‘fetus in a lateral position. A corresponding catalogue number and a scaled
marker were also placed in the field of view. The photographs made easier the
identification of the fetuses for future discussion and it also allowed a fetus
to be cerrelated with a similar radiograph which was to be taken later in the

study. The scaled marker enabled life-size photographs to be reproduced.

Radiography

Hartley (1957) showed that a high standard of radiography which has

been specifically designed in order to reveal fetal morphology must be used when

- 92 -



attempting to estimate fetal maturity from ¥adiographs. Logically, the pattern
of fetal development will only be shéwn clearly when the radiogriphs are produced
with this endrin view and therefofe a specific techniquerwas planned and carried
out.

A comprehepsive view of as many as possible of the bones in the
human fetus was‘required and therefore metheds for obtaining both a lateral and
an antero-posterior (A.P{) view of each of the fetuses were considered. It
. was hoped that this combination of‘views would eliﬁinate those problems encountered
when there is superimposition of one cenfre upon‘thaﬁ of another.

A framework of lead sheeting was constructed so that it provided
both a permanent base and a surround for the radiographic film envelope. (Fig.4).
The lead base would absorb the penetrating X-rays énd so prevént a back scatter.
This would aid in increﬁsing the definition on the radiographs. The lead surround
vas arranged so that the r#diographic film gnvelope could be placed in a fixed
Position and was of double thickness so t£at'pieces of singlé lead could be placed
on the envelope as masks whilst at the same time maintaining the-same overall
thiclmess.

The fixed fetuses were very resistant to any movement of position and so
.& rig was built upon which the fetuses could be placed and held in any required
position whilst being radiographed. To dete£mine the most suitable radio-
translucent material from which this rig could be made, several materials including
wood, cork,rthin sheet—steel, and aluminium were radiographed and it was found
that a transparent §" perspex sheet was the most suitable material in terms of
both radio-translucency and application.l

The lateral view presented few problems because the fetﬁses could
be positiﬁned quite easily on their side and if any variation from a true lateral
position was encountered this could be corrected by suitable blacings of non~opague

padsg.
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The A.P. view however presented'severul problems because the
fixed position of the fetuses was not conducive to an easy poSiéioning of the
limbs and uncurling of the body..' With this in mind several methods were
considered which consisted of holes being drilled into the perspex and tape-loops
being formed to position the fetuses. The péor radiograph which resulted from
these translucént héles eliminated this idea and a method using Velcro tape was
adopted. (Seé Figure 4 and Figure 5). Two strips of "positive" Velcro tape.
were glued approximately-IZ" apart on the perspex and this enabled various—sized
strips of ordinary.white cotton binding taps with small strips of "negative"
Velc?o tape attached to the ends, to bé stretched between them. The.Velcro tape
was ahle to generate sufficient force to allow the white cotton tapes to hold the
fetuses quite firmly in any requirgd position so that an A.P. radiograph could
be talen with thg minimum of radio-opacity. This arrangement worked very well
and after a short while became very easy to use particularly when it was realised
that if the first tape applied was one across the fetal trunk followed by one
across the fetal head, then a great deal of both effort and time were saved.

(See Figure 5).
The lateral view, therefore, was teken with the fetuses lying on
their left side in a true lateral position with the right shoulder and right
iliac bone being direétly above their counterparts on the left side. No attempt
was made to straighten the fetal trunk or limbs.from their fixed positions.

The A.P. view was taken with the fetuses in a supine position on the
perspex sheet and the fetal trunk was straightened using the cotton tapes. The
head was held in the Frankfort plane and the shoulders ﬁnd hips were both placed
in a hori;mnta.l plane. The limbs were positioned as shown in Figure 5 and care
was taken to ensure that both the upper and lower limbs were held in the same
horizontal plane, parallel to that of the film.

In both views lead numerals which corresponded to the number on the
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Figure 5. The Arrangement of the Apparatus for
the Antero-Posterior Radiograph.




fetal Dymo tag, were placed on the perspex sheet so that the radiographs could
be catalogued and correlated with the external measurements of the individual
fetuses.

To obtain radiographs of high quality and def?nition several experiments
were made with combinations of relevant factors, which established the following
points:

a) The radiographic film yielding optimum quality was Kodak Industrex C which
is a fine-grain, high contrast, non-screen film specially designed for the
radiography of morbid specimens where fine detail is required.

b) 180 mAs.

¢) 42 kV for the smaller fetuses.

55 kV for the larger fetuses.

d) The anode-film distance was kept constant at 100 cm. For all practical
purposes this distance minimised any magnification factor involved with the
X-ray beam.

e) The centre of the radiation field was determined in relation to the
light field from the light beam diaphragm and from this the central ray
wvas always positioned in the centre of the section of the film that was
to be exposed. The fetus was then positioned so that it too was centred
on the film before any exposure was given.

f) The radiographs were developed in Kodak DX80 developer for 4 minutes at
20°c.

-Figure 6 illustrates very clearly the arrangement of the apparatus
that was used whilst taking the radiographs and Figure 7 is an example of the
type of radiograph produced, both in a lateral view and in an A.P. view.

The radiographs were then catalogued with their corresponding photographs

and external measurements of the fetus.
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London Material

Radiographs of 236 fetuses were borrowed from the Depar;ment of
Growth and Development, Institute of Child Health, University of London. The
fetuses were products of spontaneous abortions in the late 1950's and early 1960's
and had been measured and radiographed whilst still fresh. Because of this, ‘the
fetuses were s£i11 Qery flexible and no restraining apparatus was required to
position them. For the radiographs the fetuses had been positioned in a similar manne
to that previously descriﬁed for the Nottingham material but unfortunately only
an A.P. view had been taken. The anode-film distance had been kept constant at
36" (96 cm) andAthe radiographié film that was used waslllford 'ILFEX' non-screen
film which is no longer being manufactured. For each of the fetuses several
external measurements were presented and these included an assessment of the fetal
sex in eddition to the measurement of Crown~Rump Extended length. Several of
the fetuses also had a brief clinical history attached relating to both the

maternal and fetal health.

Southampton Material.

From the Department of Child Health, Medical School, Southampton
University, radiographs were borrowed of 297 fetuses. The fetuses were the
products of both spontaneous = and induced abortions and recordings had been made
of both the Crown-Rump Extended length and sex of each fetus whilst it was fresh.
Prior to the radiography each fetus had been immersed in a 0.5% solution of silver
nitrate for approximatelytﬁo days and then had been positioned using pins and
cellophane on a piece of cork. Care had been teken to place the limbs in a plane
parallel to that of the film but unfortunately no attempt had been made to align
the hips and shoulders so that the vertebral column invariably had a marked lateral

curvature. The anode-film distance had been kept constant at 36" (96 cm.) for
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all of the radiographs but only A.Y. views had been taken.

The total number of fetuses for this study amounted to 728; 195 from

Nottingham, 236 from London, and 297 from Southampton.

In order to define the various regions of the vertebral column, several

lines were drawn where possible on the A.P. radiograph of each of the fetuses:

These lines were drawn very carefully in pencil and were determined as follows:

(See Figure 8).

a)

b)

c)

d)

The number of ribs that were present was counted and the neural arches
and centrum associated with the 12th rib were located. The line A was

drawn midway between the line of the neural arches and centrum of le and

the line of the neural arches and centrum of Ll.

This preliminary inspection of the ribs enabled a record to be made
of vertebral anomalies, such as the presence of lumbar or cervical ribs.
Line B was drawn and connected the centres of the ossification centres
of the neural arches for C,.

1

The position of the right neural arch of T, was located by counting the

1
neural arches from line A, and line C was drawn midway between the centre

of the right neural arch of T1 and the cenire of the right neural arch of CT°
The position of the centrum of T1 was located by counting the centra from
line A and line D was drawn midway between the centre of the centrum of Tl

and the centre of the centrum of CT.

At first it was surprising to note that line D was not a continuation
of line C and that several millimetres separated the two lines. This
prompted investigation of whether or not the positioning of the X-ray
affected the relative positions of the centra and neural arches. Accordingly
several radiographs were taken of the same fetus, each time varying either

the position of the fetus (A.P. or P.A.) or the position of the central ray

of the X-ray beam. (At the head or toes). In all the radiographs the
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vertebral column had the same appea?ance with an apparent discrepancy
between the relétive positions of the neural arches and C;Ltrum for each
vertebra in the upper thoracic region. This apparent anomaly is brought
asbout by a difference in the ?elative positioﬁs of fhe centires of
ossification for the vertebrae in this region but nevertheless does mean
that diffgren£ measurements can be made for apparently.thé same regions
depending upon whether the centra or the neﬁrnl arches are used as boundaries
to define the regiéns;

e) The right neural arch corresponding to L. was identified by counting the

5

‘meural arches from line A, and line E was drawn midway between the centre

of the right neural arch of L. and the centre of the rightncural arch of 8

p

f£) The position of the centrum of L5 was determined by counting the number

1.

of centra from line A, and line I was drawn ﬁidway between the centre of

the centrum of L5 and the centre of the centrum S

These lines therefore were used to define the various regions of the

1

vertebral column but, as can be seen for each region two measurements can be
taken depending upon whether the centra of neural arches are used for identification
Using the centra the complete regions were defined as follows:-

a) Cervical from the .centre of the centrum for C, to the line D.

1
b} Thoracic ~ from line D to line A.
¢) Lumbar - from line A to line F.
d) Sacral - from line F to the centre of the centrum for S

5° -

Using the neural arches, the complete regions were defined as follows:-

a) Cervical — from line B to line C.
b} Thoracic — from line C to line A. '

¢) Lumbar from line A to lime E.

d} Sacral

¢

from line E to the centre of the neural arch fér SS' o
No definition for the coccygeal region was made because no ossification

centres for this region develep during the period under study and therefore no
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boundaries can be determinéd radiographicﬁily.

The determination of the boundaries for the regions wﬁswaCCOmplished
by observing each of fhe radiographs through a 4 dioptre lens. This lens was
used throughoﬁt the study wherever measurements were-taken.from the radiographs and
wvas especially useful in determining whether or not a particular ossification
centre was present.-

‘Several measurements were then taken from‘each of the radiographs, each
for a specific purpose, but ﬁot all of the measurements were able to be taken from

all of the radiographs;

1. Numbers of Ossification centres and their positions.

The number of ossification centres that were present for the vertebral
column were noted as followé:—
a) The number of neural arches on the right sidé.
b) The number of neural arches on the left side.
¢} The number of centra.
d) The total number of centres.
e} The number of cervical centra.
f) The number of thoracic centra.
g} The number of lumbar centra.
h) The number of sacral centra.
i} The number of cervical ncural arches.
i) The number of thoracie neural arches.
k) The number of lumbar neurél arches.
1} The number of sacral neural arches.
All of these measurements were takeﬁ from the A.P. radiographs but if
there was any doubt as to whether or not a centre was present, the lateral
radiograph was used to help in the decision. In the literature, cases have been

reported of bilateral centres of ossification being present for the centra and this
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situation was accounted for by only alloéating a score of one even if iwo

centra ossification centres wer§ observed for one vertebra. -Tﬁis is particularly
relevant when the centrum for the dens is considered because this normally
ossifies from two centres which only merits an allocation of a score of one.l

The number of ossification centres that were present for the 12 long
bones of the fetal limbs was also noted.

In addition to recording the numbers of ossification centres that were
present for the vgrtebrai column and long bones of the limbs the positions of these
centres were also noted so that patterns of ossification, if they existed, could
be determined.

2. Absolute Measurements.

Several absolute measurements were taken from the A.P. radiographs of
each of the fetuses using the radiographic calipers‘aescribed.by Tanner and
Whitehoﬁsé (1955}. (See Figure 9). These calipers allowed each of the
measurements to be made to the nearest 0.1 mm. and included:.

a) Longitudinal lengths of the vertebral column

These measurements were designed to represent the lengths of the
various regions of the vertebral column and used the ossification centres of the
vertebrae as 1andmafks. It was appreciated that the regions include within their
boundaries the intervertebral discs and the lines A, D, and F that were drawn on
“the radiographs previously were considered to fepresent the midlines of the
corresponding discs. Therefore, the regions of the %ertebralicolumn as shown
by the centra were considered to have boundaries midway between the centres of
the appropri#te centra which corresponded to the midliﬁe of the'intervening
intervertebral disc. Similar boundaries for the regions as shown by the mneural
7 arches were considered simply to be midway between the appropriate neural arches.
The upper border of the cervical region, however, in both the neural

arches and the centra cannot conform to this criterion because there is no
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Figure 9. The Radiographic Calipers.
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additional vertebra by which to assess the upper limit. It was decided

therefore that the upéer border of the cervical region would Se éetermined by
a line drawn fhrough the centre of the cor?esponding osgification centre for Cl’
and the lower border of the sacral region was defined by a line drawn through the

ossification centre corresponding to S These definitions also eliminated

5°
the small error that would h;ve been encountered had the line been drawn along
the superior and inferio; borders of the respective ossification centres. Growth
in length would nQW'only be Qecorded when actual gfowth of the-vertebra took place
and nol when there was merely grow;h of the ossificatiop centre within its
cartilaginous mass.

Another problem arose when regions vere encountered where not all of
the vertebrae had commenced ossification and the length of the complete region
of the ver£e£ra1 column could not be determined. bne solufiop would have been
to ignore these situations entirely and concentrate solely upon completed regions
of the column but it was felt that these "Rértial" lengths had some value.
Therefore,.whenever an incomplete region was encountered and the complete region
could not be determined a line was drawn midway between the centres of the two
most superior or inferior ossification centres and represented the border of that
particular."partial" region. This line was related to the lines that had been
drawn previously and allowed for an estimate to be made of the length of a
complete number of specific vertebrae. Using this method, one more vertebra
would be added to the length of a particular region as each ossification centre
develéped and this would céntinue until all of the vertebrae for that region were
ossified in addition to the first centre of the consecutive region when.the
intervening horder line could be constructed. A problem arose however when_the
ossification centres for C1 and S5 developed because they represented the ends of

the column as a whole ‘and the total lengths of the cervical and sacral regions

could be defined. The lengths of approximately 11 vertebrae werc therefore added
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to the lengths of both the cervical and sacral regions instead of the usual one

vertebra when the ossification centres for C. and Srj appeared. This was borne

1

in mind when asgsessing the results, Coupled with the times for appearance of

the ossification centres of the vertebral column it was thought that the method

described would allow the growth of the various regions of the vertebral column

to be followed continuously.

The measurements of the longitudinal lengths of the vertebral column

involving the centra were;

i)

ii)

iii)

iv)

Cervical region.

If the ossification centre for Cl was present, from the middle of this
centre, to line D.

It thg ossification centre for C, was not present, from the most'superior
intervertebral disc line that could be estaBlished to the line D,
Thoracic region.

If the complete region could be identified, from line D to line A.

If the complete region could not be identified, from line 4 to the most
superior intervertebral disc line.that could be established.

Lumbar region.

If the complete region could be identified, from line A to line F.

If the complete region could not be identified, from line A to the most
inferior intervertebral disc line that could be established.

Sacral region

If the ossificétion centre for S_ was present, from line F to the inferior

5
border of this centre.
If the ossification centre for S5 was not. present, from line F to the most

inferior intervertebral disc line that could be established.

The measurements .of the longitudinal lengths of the vertebral colummn

involving the neural arches were taken on the right side only and consisted of;
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i) Cervical region.

If the ossification centre for Cl was present, from the line B to line D.

If the ossification centre for C, was not present, from the mogt superior

1
intervertebral disc line that could be esteblished to line D.~
ii) Thoracic region.
If the complete region could be identified, from line D to line A.
If the complete region could not be identified, from line D to the most
inferior intervertebral disc line that could be established.
iii) Lumbar region' )
If the complete region could be identified, from line A to line é.
If the complete region could nmot be identified, -from line A to the most
inferior intervertebral disc line that.could be established.
iv) Sacral ?egiou.
If tﬁe'ossification céntre for 85 was present, from line F to the inferior
border of this centre.
If éhe ossification centre for S5 was not present, from line F to the
most inferior intervertebral disc line that could be established.
The measurementé were taken parallel to the central axis of the fetus
and perpendicular to the horizontal lines that had been drawn. This was particularly
relevant to the measurements involving the neural arches because there arerlateral
curvatures of the neural arches in all regions of the column. It was thought
that if measurements were taken in this manner then the direct contributions of

each of the regions to growth in functional length of the fetus, could be established

b) Inter-neural arch distance of the vertebral column.

Having completed the measurement of the longitudinal growth of the
vertebral column, attention was directed towards developing a methed for measuring
the width of the Vertebral column in the coronal plane., To accomplish this a

. series of A.P. radiographs which demonstrated the range of development of the
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Cepie

vertebrae, was gelected and studied in order to find landmarks that were
present and easgily ideﬁtifiable.throughout fetal life and which would he
representative of horizontal growth of the vertebrae.

The landmarks that were selected wére two circles, one for each side .
of each vertebra, and these were found to be constant featurec not only throughout
fetal life but also to each vertebra. (See Figure 7 and Figure 8). Their
presence has been noted previously and commgnted upon by Barson (1965). These
circles represent the juAction between the pedicles and laminae of the wvertebrae
and are present throughout fetal 1£fe because this is the sité for the commencement
of ossification of the neural ar;h. They are easily recognisable and the horizontal
distance between them for each vertebra is indicative of the growth of the vertebral
* canal. |

The‘actunl point that was used to define the landmark for measurement
purpeses, was the centre of each circle as this point would remain consiant
regordiess of growlh in thickness of either the constitvent lamina or pedicle,
and would represent "true" growth in width of the vertebral arch. It was also
eppreciated that by using this method the actual width of the vertebral canal
might become less without any growth being recorded in the distance measured
because of growth in the constituent pedicles or laminae without any corresponding
growth in the actual vertebra. |

Therefore,:the inter-neural arch distance for every identifiable
vertebra was measured on each of th%‘A.P. radiographs for each of the fetuses.
The horizontal disﬁance measured was that between the centres of two corresponding
easily identifiable circleg which represented the perimeters of the pqriosteal
ossification at the junction of the laminae and pedicles of-both gides of each
vertebra., (See Figure 10).

' Measurement of the growth in width of the vertebral column in the

sagittal plane was also considered, but from ﬁ selected series of lateral

radiographs it was apparent that the ribs, in particular, obscured the view of
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the column and that unless the lateral view was perfectly true, the misaligned
neural arch ossification centres merely confused the picture. Growth of the
vertebral column in this dimension therefore, was not attempted.

c) Lengths of the ossified sections of the long bones of the limbs.

A method for measuring the ossified lengths of the long bones of the
limbs was devised which would be applicable throughout fetal life. In order to
appreciate the changes that would occur with fetal growth a series of radiographs
was selected which illustrated the developmeni of the fetal limbs.

From a study of these radiographs it was apparent that the periosteal
and endochondral ossification developed together, with the end of the ossified
length being built up from a mixture of the periosteal collar, primary ring, and
the edge of the endochondral ossification area. It was also noted that the
primary ring ;f the periosteal collar projected further than the lateral edge of
the endochondral ossification area but sometimes did not project further than
the centre of this area particularly when it was convex or contained a slight
protuberance as it often did in later fetal life. This situation was found to
exist for all of the long bones and therefore it was decided to measure the
maximum length of ossified bone, whether it be defined by endochondral or periosteal
bone. Since this work was completed Birkbeck (1976) has published descriptions
of the growth and development of the long bones of the limbs as seen radiographically
He has used several landmarks in development as stages in o system for estimating
skeletal maturity and the changes described are suitable for the measurements
taken in this study.

The method devised consisted of draewing a line along the bone parallel
to its long axis and measuring the maximum ]engthlof ossified section along this
axis between two more lines which had been drawn at 90° to this axis and wvhich
represented the two ends of the ossification whether they be represented by

endochondral or periosteal bone. (See Figure 11).
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Such a measurement would tale into account eny longitudinal rotation
of the limb and would be applicaﬁlg throughout fetal life. Therefore, ﬁsing this
method, the lengths of the ossified sections of the long bones in both right and
left limbs of each.fetus were measured. |

3) The Curvetures of the Vertebral Column

From the lateral radiographs the presence or absence of curvature in
the four regions of the vertebral colum was noted in addition to the direction
-of any curvature. ~ From these results it was hoped to establish the growth and
development of the curvatures in the sagittal plaﬁe of the vertebral column.
Determination of any lateral curvature in the vertebral column was also -
contemplated but because of the rigid position of the‘fetus during the A.P:
radiography this was considered to be a very artificial situation and was

consequently not attempted.

Belisbility
Bef&re eny ‘absolute measurements were taken for the study, whether

they were ;xtefnal measurements taken directly from the fetus or measuréments
taken from the radiographs, they were bracticed in order to reduce the intra-
;bserver error. To estimate the reliability of tﬁese mgasurements, a representative
for each of the definitions given was selected and measured a total of 10 times,
w;th the Coefficient of Variation being calculated for éach measurement.

Being satisfied with the reliﬁbility of the absolute measurements
a check was then made on the reliability of positioning for the 4.P. radiographs.
This involved radiographing the same fetus 5 times in an A.P. position as defined
previously and calculating the Coefficients of Variation for each of the
measurements.

All the results of the study were written directly onto computer
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data sheets to avoid any error of copying aﬁd the computer cards that were
punched from these sheets were interﬁreted and verified again.i;‘an attempt to
reduce any error of copying. In.addition to this, computer print-outs were
made of the data cards and these were checked with the original data sheets.
Several of the‘computer programmes that were used also contained scatter plots
in their design and from ihese any large errors would be cle#rly apparent.

Therefore, all in all, it was thought that the results which were fed into the

computer for final analysis were free from any errors.

Silver Nitrate Staining

The effect on the assessinent of fetal ossification after staining
with silver nit;ate, vas eonsideréd. The fetuses from Soutﬁémpton had been
immerse§ for approximately two days in a 0.5% solution of aqueous silver nitrate
befure radiography and therefore an attempt was made to assess the extent of any
changes that this might make.

One of the fetuses from Nottingh&m, for whom all of thé external
measureménts and radiograpﬂs had been taken, was immersed in a 0.5% solution of
agueous silver nitrate, It was kept in this solution in a darkened refrigerator
at-6°C for several days and at regular daily intervals it was radiographed in an
A.P. position. The radiographs that were preduced were then compared with the
original radiographs of the same fetus that were‘ taken for the study before it
vas stained. In this way an assessment was made of the effect of silver nitrate
staining on the appearance of ossification centres by radiography. The fetus was
allowed to remain in the silver nitrate for longer than two days in order that

a more general assessment of the method could be made.
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Fetal Ageing

There are numerous methods available for estimating th;‘age of the human
fetus but . when such things as L.M.P. dates or coital dates are not available,
the fetus is given an age based upon its cﬁaracteristics, usually some form of
external measurement. Several external méasurements that were available for '
each of the fe£uses were considered for this purpose and it was decided that
the best measurement available from an anthropometric point of view was Crown-—
Rump Extended length. The selection of this measurement nlso meant that it was
possible to assign an age to all of the fetuses based upon the same parameter.

The méasurement of C.R; length is common and tﬁere are Tables available
in many text books which profess to being able to assign an age to a fetus based
on this mgasurement. Several of these Tableé were consulted and their results
plotted on the same sheet of graph paper. It quickly became appa?ent that there
were large discrepan;ies between many of these graphs and the age that could be
assigned to a particular fetus was dependent upon the graph that was selected,
with large differences being present between the estimates of age for the same
fetus using different graphs. This situation was entirely unsatisfacto;y and
therefore a new Table, designed specifically for this study was constructed and
vas able 1o give an estimate of age to each of the fetuseé based upon the
measurement of C.R.E. length.

The records of 256 human fetuses were Bbtained from the Institute
of Child Health, University of London, and included the date of the last menstrual
period of the Mother, the sex of the fetus, and several external measurements
including C.R.E. léngth. .Unfortunately, the records éf‘127 of these‘fétusesl
contained information which suggested that the growth of the fetus might be
abnormael in some way or that the L.M.P. dates of the Mother were unreliuble..
The records of the remaining 129 fetuses were subjected to pclynomial regression

analysis and an equation was calculated which would allow an estimate of fetal
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age to be made based upon the measurement of C.R.E., length. | Prior to this
analysis an allowance of 14 days was made upon the L.M.P. dates so that the age
obtained could be considered as apn estimate of the true conceptual age. The age
was also expressed as & decimal of a year.

Other methods and other families of curves besides polynomial were *
considered in an attempt to improve upon the method of fetal age assessment and
the records of the 127 'abnormal' fetuses were also subjected to analysis in

order to assess their degree of abnormality.

-

Radiography in Obstetrics.

The radiography of pregnant women is éommon in current clinical practice
although its use is restricted because of the recognition.of the danéers from X-rays.
To assess the direct relevance to the clinical situation of a study which provides
inform@tion onr£he development of the fgtal vertebral colwmn and limbs a questionnaire
was gsent to a sample of Radiology Departments in Hospitals throughout Great Britain.
The questionnaiﬁzasked specifically for information about the incidence of fetal
radiography and also asked for information abput the methods used for estimating

fetal maturity from radiographs. An example of the questionnaire is shown in

Figure 12. -

Fetal Movement

‘As the study developed the importance and relevance of fetal movements -
in utero became apparent but a searcﬁ of the literature revealed that no method
for observing fetal movements in utero existed. The information that was available
concerning fetal movements had been gleaned from very artificial situations ex
utéro and there was a éuspicion that these movements that were described might not

truly represent the movements -that the fetus actually performed in utero. Therefore
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Umverszty of [ ec/moloa}z

LOUGHBOROUG“ LEICESTERSHIRE LEnN 3TU Tel: 0309 63191 Tc]cx 34319 Telegrams Technology Loughborough

DEPARTMENT OF HUMAN SCIENCES

3rd March, 1985

Dear 5ir,

My Ph.D, study is concerned with the ossecus development of the human
foetal skeleton and in order to view the maturatlon pattern, T have taken
radiographs of human foetuses “ex utero”

I was wonde ing just how apnlicable my study is to the "in vivo®

situation because I.am placing particular emphasis on the estimation of
‘- gestetional and developmental age.

Therefore, I would be very grateful if you would briefly describe
the method used in your department for the estimation of gestational age
from radieographic examination, and if you would also kindly indicate the
nunber of radiographic examinations per year of the gravid uterus
vhere specific requests for foetal age have been made.

Your help woulé be greatly appreciated.

. . . Yours faithfully,

+  Keith H. Bagnall

Figure 12. The Questionnaire concerning Fetal Radiography.
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a method was devised to monitor fetal movements in utero using ultrasound.

The apparatus consists_gf a transducer which emits verf‘high frequency
sound waves and receives any returning echoes which are then displayed on a series
of screens. (Sée_Figure 13.)

Whénever the ultrasound beam crosses an interface between two
substances of different demsities an echo is produced which is sent back to the
transducer and a white spot is produced on the B-scan screen. . In this way, if
the transducer is moved over the abdomen of the pregnant woman a two-dimensional,
cross—sectional picture of the abdomen will be produced on the B-scan screen although
in pfactice it takes several scans to ﬁroduce a fully coﬁposite B-scan picture.

A permanent record of the pictures produced on the B-scan screen can be made by
using a polaroid camera which can be brought down in front of the B-scan screen.
An example of the type of photografhs that are prodﬁéed is sh;wn in Figure 14.

~In order to help identify specific fetal parts a series of both
longitudinal and transverse scans were made of an aborted fetus placed in a tank
of water (See Figure 15) and these were repeated for several fetuses of different
size.

Qctual fetal movements however are continuous and therefore another
technique called "Persist@nce Scanning" was used to monitor the movements. 1In this
technique the picture that is produced by a single scan is allowed to remain on
the B-scan screen for only a few seconds before'it fades. If repeated scans are
made acfoss the same section of maternal abdomen then fhose ;afts that do not move
wi}l remain as constant features on the screen whilst those parts that do move will
"become new features, Using thié technique it has been found possible to
continuously monitor fetal movements in utero even from a very early age.

In order to check that the interpretation of the movements seen was
correct, simulated fetal movements were performed by an aborted fetus placed in

_ a tank of water. (See Figure 16).
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The fetus had pieces of cotton attached to both its wrists and ankles.
By running these pieces of cotton under a series of metal hooks that were sited
around the edge of a wooden base this fetal "puppet” was able to "perform" prescribe
movements e.g.-fléxion of tﬂe elbow. éeveral of these movements were engineered
and their progress was followed using the Persistance technique. In this way

the validity of the movements seen in utero was checked.
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CHAPTER IV

RESULTS AND DISCUSSIONS.
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COMPUTER WORK

To help with the lengthy.calculations, a computer was used
throughout the ¥esults section. VWherever possible standard computer programmes
wére used, but in several parts of the study such programmes were not available
and suitable programme; were written in Fortran IV language. This was
particularly time—-consuming because the results were calculated partly at
Loughborough and partly at Manchester. Unfortunately the input programmes

written for the Loughborough University computer were incompatible with the

Manchester computer and this necessitated much re-writing.
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. THE METHODS USED

1. The Accuracy of the Measurements taken.

The results in Table 1 show that the coefficient of variation
@iﬂgﬂg. x 100} is very low for each of the external measurements taken from
theYNottingham fetuses. This means that the reliability of these measurements
taken using the anthropometric calipers shown earlier to the nearest 0.5 cm., is
very high.

| The :low coefficiéﬁt of variation for the C.R. length means that for

each individual fetus thatlhas been fixéd, this measurement is reliable but the
differences in degree of flexion that are observed between feiuses even of the
same size suggests that this measurement is not reliable between different fetuses.
‘Similarly, although the measurement of C.H. length is very reliable for.eacp
individual fetus that has been fixed, it does not necessarily mean that the
measurement is reliable between different fetuses of the same size. In fact
the awkwardness of obtaining this measurement from fetuses that have been fixed
suggests that this is indeed the case, particularly when the variable eitension
_of the hip,knee and ankle joints is taken into consideration.
The objectiveness and low coefficient of correlation calculated for {f
- C.R.E. length lend themseives very well to the argument for basing fetal aée
estimations upon this measurement.

Table 2 shows that the measurements taken from the radiographs
using the radiographic calipers shown in Figure 9 to the nearest 0.1 mm are
v;ry reliable, The low coefficients of variation for each of the measurements
illustrates that the measurements are clearly defined and objective in their use,

For Table 3 the same fetus Was‘radiographed in an A.P. position

following the procedure laid down earlier. Thelow coefficients of variation

for each of the measurements talten from the radiographs show that the technique
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. Table 1 Reliability of the external measurements taken from & representative.
fetus . Measurements were taken to nearest 0.5 c¢m.

MEASUREMENT MEAN STANDARD COBFFICIENT
mm DEVIATION mm OF VARIATION %
a%lo
Crown Rump Length 87.8 0.253 0.29
Crown Rump Extended Lgth B9.6 0.237 0.27
Crown-Heel, Length ©120.3 0.514 0.43
Biparietal Diameter 24.8 0.267 1.08

-

Table 2 Reliability of the measurcments taken from ® representative radiograph
. Measurements were taken to the nearest 0.1 mm.

MEASUREMENT MEAN STANDARD COEFFICIENT OF
' mm DEVIATION mm VARIATION 7
oﬁ 10
Ossified Humeral Shaft 17.8 0.13 0.7
Inter Neural Arch of Tl 6.0 0.1 1.7

Longitudinal length of .
Thoracic Neural Arches 28.2 0.11 0.4

Ossified Femoral Shaft 17.7 0.18 1.0

Table 3 Reliabili{yidf pcéitioning a representaiive fetus for the A.F.

__Isdlographs . L ‘
MEASUREMENT ) MEAN STANDARD " COEFFICIENT
mn DEVIATION mm OF VARIATION Z
. of S -

Ossified Humeral Shaft 17.4 0.15 0.9
Inter Neural Arch of Tl 6.0 0.13 2.2
Longitudinzl length of
Thoraciec Neural Arches 27.2 0.3 : 1.1
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of positioning is very reliable although; on comparison with the same
measurements shown in Table 2, thére-is a slight increase in vafigtion due to
pogitiouing of the fetuses. The results of Table 3 however, show that this
increased varia£iqn is negligible providing care is taken during the positioning
procedure.

Using similar triangles, the theoretical value for the magnification
factor of the radiographic technique was calculated. The object-film distance
(&F.D.) for each gf the structu?es that were measured did not exceed 3 cm. With
an anode-film distance (A.F.D.) of 100 cms, the magnification factor with an
O.f.ﬁ. of 3 cms. was calculated to be 1.03. This represented the magnification
factor for the Nottingham material and for comparisop with the Southampton and
London material, similar calculations were carried out for an O0.F.D. of 1" and an
AF.D, of 36", In this c;se, thé magnification faéfor was aiso calculated to be
1.03 and therefore all of the measurements taken, no matter what their source,
were considered to be comparable. The slight magnification. factor involved
with the radiographic technique, which had a maximum value of 3%, was considered
negligible and no corrections were subsequently made to any of the measurements

taken.

2. The Effect of Silver-staining

The radiographs from Southampton were of fetuses that had been stored
‘in an aqueous solution of 0.5% silver nitrate which is known to affect the picture
of ossification that is produced. Unfortunately, the available literature which

would help to assess the difference this would make to any measurements that were
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taken, is sparse although the procedure has often been used. Therefore an
investigation of this ﬁrocedure was carried out. The results'c;n be seen in
Figure 17,

The fetus took up‘the silver very quickly and apparently this was restricte
to the areas of ossification. The longer the fetu; remained in the solution, the
more silver apfgared 1o be deposited particularly arocund the edges of the
ossification' centres. Certainly, with silver nitrate stﬁining the ossification
centres are much more apparent and where there had been difficulty in establishing
the presence of a‘centre, the ossification was now more clearly marked. Meyer and
0'Rahilly (1958) using photomicrographs showed that the deposit of silver has
occurred not only in the circumferential osseous areas but ulso in the cartilage in‘
the centre of the shaft, which is‘presumably calcified. They also found that the
~deposit of sii#er in the osseous tissue was confined to tﬁe bone first laid d&wn
and therefore a silver~free 0sseous area, which stained blue, was observed in a
subperiosteal position around the cen%re of the shaft, covering the silver area,
but which extended further both proximally and distally.

Standardé for the changes in appearance of the ossification centreé
.during fetal life are not available, but the silver nitrate staining did not appear
to alter significantly the presentation of the ossificatién centres, However,

.as more silver became deposited the penetratioﬁ-(kv) of the X~rays had to be
increased in order to obtain the same density value.

A difference was observed in the apparent raté at which the differeant
ossification centres took up the silver and this was particularly important for the
vertebral columm because the vertebrae appeared to be the last centres to become
affected, especially the centra. This suggests that a specific approach needs to
be made depending upon which area of Tetgl ossification is to be studied.

For the practical purposes of this study the measurements that had been

taken from the radiograph of the unstained fetus were compared with the same
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me&suremeﬁts taken from the rad;ograph of the stained fetus.

There was no significant'difference (p<0.05) between {he measurements
of the unstaineq shafts of the long bones of the limbs Qnd those that had been
staineds  This suggests that the deposition of the silver was confined to the
area of ossification that could be carefully determined previously, although the
boundaries of fﬁe centres could be determined much more easiiy . In sddition,
there was no significant difference between stained and unstained longitudinal andA
horizontal lengths of the vertebral column but this is not surprising because
ihese measurem;ntﬁlare independent'of the actual.size of the ossification centres.

It was thought that the impro;ement with staining in visuali;ation of
the ossification centres might lead to an increase in the total number of
. ogsification centres that could be_seen, particularly in the vertebral column.

In Figure 17 however, it can be seen that the centrum for 02 and the meural arch

for 52 are the most candal ossification centres of the vertebral column that can
Be seen in both stained and unstained radiographs, although the appearance of
these centres is much more apparent when the fetuses have been stained. Correct
use of the 4 dioptre lens, in addition to practice, can therefore be said to
compensat; for the clarity of appearance of the ossification centres in radiographs
taken of fetuses that have been stained with silver nitrafe.
For all practical purposes of .this study, the radiographs from
» Southampton of fetuses that had been stained with silver nitrate Qere considered
to be comparable to the radiographs of unstained fetuses from Nottingham and London.
It was appreciated however that care had fo be taken in the measurements, especially
in identification of the most recent ossification centres, and the use of the
4 dioptre lens was particularly siressed when examining the radiographs from
Nottingham and London.
This investigation of the effects of silver nitréte-staining is by no

means exhaustive and was undertaken merely to assess the potential of the
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Southampton radiographs. Future investié;tions of this highly promising
procedure might well c;ntemplate studying: )
1. Changing the solution at regular intervals.

2. Altering the strength of the solution.

3. Varying the témperature of the solution.

4, Varying the length of time of immersion.

5. Variability due to the size of the fetus.

6, Specific criteria dependent upon the particular centre to
be studied. -

T+ The long term effects on the fetal material particularly if
it has eliminated the fetuses from further studies.
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FETAL MOVEMENT -

An association between.oséification and mechanical force is well
known (Bassett, 1971). In this study an attempt was made to relate the
ossification that was seen in the fetal radiographs to the mechanical forces which
impress themselves upon the fetus in utero. A search of the literature however
reveanled that very little is lmown about fetal movements in uteroc and it was
thought that these movements might well play a magjor role in determining the
. actual force applied to the fetus as it -is developing. A method using ordinary
compound ultrasound scanning techniques was therefore developed to monitor fetal
movements in utero.

It is easier to analyse and comprehend the specific movements of 61der
fetuses because the larger fetal parts facilitate easier observation. An example
of the type of movemenf that has been able to be monitored in a larger fetus is
shown in Figure 18. it mist be appreciated that photographs such as these are
merel& g;impses of a continuum of'movemeéts ihat can be seen.on the ultrasound
machine and fetuses of all ages have been seen twisting and turning, flexing and
extending their liébs as they develop in?their liquid world. To aid the analysis
of these movements, an extremely flexible child's doll was used because as Liley
- {(1972) points out, it is perhaps a little naive to feel that we ourselves can
demon;trate the more peculiar pbsitions that the fetus is capable of assuming.
of particuiar importance is the fact that fetal movements have—beenlobserved
whilst their mothers have been totally unaware of any fetal movement and gross
movemen£s havé even been identified as-early as 6 weeks conceptional age (see
Figure 19) although the identification of particuiar parts at this age is obviously
much more difficult, Nevertheless twisting movements have been.recognised at a
very carly age although specific identification of parts is limited. These

twisting movements involve all parts of the fetal body and it appears that the
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Trunk Knee

Knee
Figure 18. A 30-week-o0ld fetus drawing its right knee up to its trunk
and then extending the lower part of the limb, which causes

the knee to move away from the trunk.

a b

Fetus » Fetus

L+

d

Figure 19. A 6-week-old fetus demonstrating its ability to move within
the amniotic sac, which is in the centre of each picture.
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head, trunk, and limbs Are all capable of individual movement from a very
early age. )

Similar results to these have been recorded by Reinold (1971, 1973)7
Although Reineld (1971, 1973) uses ultrasonic apparatus in his method, the
arrangement is different to that from this study, consgisting of a rotating
directional gmitter and a mirror optic system which results in 15 to 16 cross-
sectional pictures per second becoming visible on the screen. This rapid build
up of each picture must considerably reduce the clarity and it is significant to
note that Reinold (1971, 1973) does not include any pictures in his work
representative-of fetal movemenfs. Nevertheless his déscriptions of the movements
seen accord well with the results of this study. He reports that from a fetal
age of about 6 weeks, which corresponds to thg 8th week of pregnancy, a suggestion
of the embryb in the amnio£ic cavity can be established and as soon as the "shadow"
of the embryo_is visible on the oscillograph screen, clear embryonic movements
can be observed. He describes the movements as being "jerky" movements which
are reminiscent of the movements of the tail of a swimming fish and often result
in the fetus acquiring a completely different position; Between the 10th arnd
20th week of pregnancy Reinold (1973) was able to observe two different types of
movement; one {ype began with a strong movement leading ta a change of position
of the whole fetal body within the amniotic cavity; the second-type of movement
was slow and inert eonfining itself to only part of the body wiﬁh the position of
the fetus being altered only slightly or noﬁ-at all,

The gquestion of wﬁether or not ultrasound sti@ulates fetal movements_
remains unenswered. As tﬁere are no standards available which quantiff fetal
movemeﬁts in utero, no comparitive test can be performed, bﬁt several other tests
have been carried out to examine thisg question, Fetuses of different ages were
gselected at random and when the fetus remained still the ultrasonic beam was

concentrated on varying parts of the fetal anatomy for pericds up to 30 seconds.
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If ultrasound does stimmlate fetal movement it was thought that the fetus would
subsequently move, but in most cases the fetus remained still and appeared to be
unaware of the beam. There are many other factors involved in obtaining an
answer to this question and therefore a satisfactory and conclusive answer will
require a more detailed study. -

It is unfortunate that‘the movements of tﬁe early fetuses as seen by
_ultrasound cann;t be more explicit because then.a better comparison could be made
between them and those movements seen in similar but aborted fetuses by Windle
and Fitzgerald {1942) and Hooker (1954). It would be surprising if the pattern of
movemenis seen by ultrasound were similar to those seen in aborted fetuses because
in utero the emphasis.would be on normal development rather than survival in the
anéxic conditions which surround aborted fetuses.

The ability to view and énélyse fetal movements in utero introduces fhe
possibility of a whole new range of fetal monitoring with important scientific
and clinical implications. No other‘nonpinvaSﬁarnethod exists at present and for
further study several important questions present themselves, VWhich quts of the
‘body move first and do some parts move more than others? Do movements occur
‘regularly or irregularly? Do movements Sf different parts increase in frequency
with motivation? Are certain patterns of movement associated with particular
'stages of development or with specific fetal abnormalities or'otﬁer complicationsg?
How do maternal states or various methods of treétment or investigation of the
mother affect fetal life as expressed by movement? Mény of these questions are
stimilated by observations noted in the literature,

Montagu (i964) reports on experiments invelving a loud noise and a
vibrator placed on the maternal abdomen which resulted in demonstrating a classic
example of a conditioned reflex in the fetus. The fetus can therefore learn
before birth and the pofential of this finding is enormous. Montagu (1964) also

reports that a sharp, loud sound close to the fetal head results in a sudden move

- 132 -



which might be representative of a startle reflex. The question is asked whether
or not & child is capable of an emotional response before birthé’ Preyer (1937)
argues that the fetus lies with crossed, drawn-up legs and arms crossed upon the
breast because every other‘positiom requires more space. The fetus takes up the
minimum amount of space which has the smallest amount of pressure and will keep
returning to this position. Preyer (1937) also discusses the behaviour of
anencephalic fe£uses and, because of their &ppa?ently normal activity in utero,
finds them very interesting because they show how little brain activity is
necessary for development and for movement before birth. Windle (1942) in
histological studies of the development of the nervous system suggested that
gimple unilateral refiexes developed first with more complicafed bilateral reflexes
oniy occurring later after collateral neurons have developed. Gesell (1945) in a
series of photographs showing the earliest movements obsérved in aborted fetuses
ex utero clearly shows bilateral movemen£s of the arms rather than unilateral as
might be expected, More recenﬁly Péarson and Weaver (1976) have developed a daily
fetal movement count {D.F.M.C.) using maternal appreciation of fetal moyéments
“for the couniinglsystem and have described a threshold value of 10 below which
"there is a danger that the fetus is at xiék. It might be equally postulated that
an upper threshold wvalue @ight also represent fetal danger in terms of anoxia or
-a similar distressing situation. Sontag and Wallace (1934, 1935; and 1936) and *
Sontag and Richards (1938) measured the fetal response to changes in various
maternal and eovironmental factors by recording fetal.heart rate with a stethoscope,
Possibly the extent of these responses can now.be related to the whole fetal
period rather than being restricted to near term.

Certainly routine obstetnicdl ultrasound scanning could provide a
new dimension in terms of tlhe studf of motor activity before birth and an
illustrative atlas.of'fetal movements could be constructed. Just as there are

well-recognised "milestones™ in motor development after birth in the infant and
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young child, so it may be possible to establish equally important antenatal
milestones in the dgveloping fe?ﬁé, and the concept of antenatal‘paediatrics
might well become a practical propesition.

At preéent this work is being continued and a method for quantifying
fetal mbvements is being developed in order that a longitudinal study of fetal

movements may be carried out,
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5.

SUMMARY

Movements of the human fetus in utero have been bbserved as early as

6 weeks of .comceptual age.

These movements consist of twistingv&nd turning movements.of both the whole
body and its separate parts.

As the fetus.becomes older identification of specific fetal parts becomes
easier and specific movements can be identified.

Ultrasound does not appear to stimulate the fetus to move although it was
not possible to prove this comclusively.

There are many important scientific and c¢linical implicatibns of this method

for monitoring fetal movements in utero.
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Part

2.

of this work on Fetal Movements has already been Publishedfi

Higginbottom J., Bagnall K.M., Harris P.F., Slater J.H., and
Porter G.A. 1976,

Ultr;sound monitoring of fetal movements -

a method for assessing fetal development?

Lancet 1, 719-T721.

] Ba:gnﬁ,ll K.M., Ha,rris P.F., aIld. Higginbottom Ju 1976:

Analygis of Human Fetal Performance.
Paper read by K.M.B. to Symposium om Analysis of

Human Performance. April 1976.

Bagnall K.M., Harris P.F., and Higginbottom J.1976.
Analysis of human fetal performance.

. Symposium of Analysis of Human Performance. (In Press)
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FETAL AGEING

The data obtained from the 129 normal fetuses belonging to the
Department of Qrowth and Development, Institute of Child Health, University of
London were subjected to polynomial regression analysis in an attempt to construct
an equation from which the conceptual age of.a fetus, expressed as a decimal of a
year, could be determined from a measurement of its Crown-Rump Extended (C.R.E.)
length. Equations up to and including the power of 3 were attempted using computer
programmes (See Appendix A and Appendix B) and as each successive term was added
the consequent reduction im.sum of squares was tested against the mean square
remaining. In this way, the power of the selected equation was determined by
the significance or non-significance at the 5% level of the corresponding F-values.
This method produced the followiné quadratic equation:- |

T = 0.124671 + 0.001053X + 0.000002X2

vhere Y = Conceptual Age 'in Decimal Year

X

Crown~Rump Extended Length in mms.
The Standard Error of the estimate (S.E.E.) = 0.019 yr. (7 dayé)
Maultiple Correlation Coefficient R = 0.967
Cther computer ﬁrogrammes were constructed which enabled a polynomial
regression equation to be araWn upon a set of axes in addition to the‘origiﬁal data
points being plotted. (See Appendix C and Appendix D). - This allowed the
corresponding graph to be drawn and the results of this can be seen in Figure 20.
This fetal material, thprefore, provided a means by which the 728 fetuses
of‘this study could be aged based upon the measurement of their C.R.E. length.
Another computer programme was devised which allowed the fetuses to be aged and
arranged in chronological order (Appendix E). On thg Cyber 72 Computer System a
further computer programme was used which drew histograms showing the frequency

distribution of the ages of the 129 fetuses in the original data (Figure 21) and
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Figure 20.

To estimate fetal age from measurement of C.R.E. length.
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the consequent ages of the 728 fetuses thét formed the material for this
study (Figure 22) . These histograms- show that the age range éar the original
129 fetuses was similar to that for the 728 fetuses of this study and justifies
the use of this equation in ageing the fetuses (Ryan and Berry , 1972).

The 95% confidence limits (2 S.D.) which vere established using the
S.E.E. allowed the estimte of conceptional age to be correct only w1th1n 0.038 yr.
(14 days). Coupling this to the inherent variation of + 0.019 yr.(7 days) which
is automatically attached to the use L.M.P. dates when attempting to estimate
conceptional age, it becomes appafent that the estimate of irue conceptual age-is
only accurate to within 0.057 yr.(21 days). On the other hand, the square of the
multiple correlation coefficient G? = 0.93) allows us to calcﬁlate that of the |
total sum of squares of y (Age), only about 7% (1-0.93 = 0.07) is £il1 present aftes
the-predictian of fetal conceptual age from C.R.E. length. This means that the
predictive value of C.R.E. length is‘high.

Originally it had been hoped to age the fetuses of the study by
comparing their qrown;rump (C.R.) lengths with published data (Arey, 1965; Hamilton
and Mossman, 1972) relating fetal lengthrﬁo fetal age, However, it quickﬁy
became apparent that different estimates of age could be madc for the same fetus
:depending upon which particular Table or graph was selecﬁed and, therefore, it
was decided to investigate further this confusing situation,

Eight Tables and graphs relating fetal C.R. leﬁgth to fetal age were
selected from standard Anptomical sources and were plotted on the same set of
axes for comparison (Mall, 1910; Streeter, 1920; Patten, 1953; Olivier and Pineau,
1958; Arey, 1965; Hamilton and Mossman, 1972; Robinsom, 1975; Birkbeck et.al; 1975)
(Sce Figure 23). To this graph was also added another equation determined by
this study and called "Tanner's equation™ for descriptivg purposes. All of the
graphs, except for Arey (1965), used the menstrual age of the fetus and therefore

14 days were subsiracted from their descriptions so that the conceptual age was
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COMPARISCN OF FETAL GROWTH STANDARRDS.

"Figure 23.

'SUW HLIONIT GWNY NMO¥D

A comparison of published fetal growth standards.

A = Arey (1965) HM = Hamilton and

M = Mall (1910) Mossman (1972)

S = Streeter (1920) B = Birkbeck et. al. (1975)
OP = Oliver and Pineau (1958) P = Patten (1953)

R = Robinson (1975) T = Tanner's Equation
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used, which was the same as for Tanner's equation. Arey(1965) already used
the conceptual age of the.fetus and the graph had been comstructed on the basis
of conception being 14 days after L.M.P. which again, was in line with Tanner's
equation.

In Figure 23, Tanner's equatioﬁ is designed to estimate C.R.E. length
from fetal age and not fetal age‘from C.R.E. length.as before. The equafion was
derived by submi£ting the data from the original 129 fetuses from the University of
London to polynomial regression analysis with the minimising of the differences
between the actual values and the estimated values being performed along the
length (y) axis and not the age (x) axis. This procedure produces a different
equation to the previoﬁs equatién of this study which was designed to estimate
fetél agé from fetal length. This new equation, which estimates fetal C.R.E.

length from fetal age is:

Y = —190.650772 + 1969.062961X — 4131.019163X> + 4026.072186X"
where T = C:R.E. length in mus.

X = Conceptual Age in Decimal Year.
S.E.E. = 12,1 mm. R = 0.968.

Figure 23 shows that there is cqnéiderable difference between the
standard tables and graphs_that are available to describe the growth of fetal
Acrown—rump length with age. There are severai reagons which might explain this
difference.

Each of the investigators has studied a separéte sample of fetuses
from which has been produced a growth standard. It is conceivable that each of
the samples does in fact come from an entirely separate population from the other
samples and that there really is a difference in fetal length for a particular age.
These separate populations could stem from seven;l sources not least of which
might well be a predominant ethnic influence particularly when it is realised that

Olivier and Pineau {1958) used a French population, Mall (1910) and Streeter (1920)
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ugsed an American population, Robinson (19%5)‘used a Scottish population, and
Tanner (1976) used a'London.popuiation. This thought is given éhpport by Birkbeck
et.al.(1975) who reported that unpublished data by Nishiﬁura from Japan indicated
mean C.R. lengths appreciably shorter than their own at any given gestational age
but with a similar degree of variability. It i; difficult however to see how an
ethnic differenée would manife st itself in Figure 23 beéause all of the sources
apparentlyuse fetuses of CaucaSign origin which would considerably restrict any
ethnic effect. '
| Another sbﬁrce.of variance which might explain the differences between
the gfaphs of Figure 23, could be a secﬁlar change in fetal length, présumably
consisting of an increase due to the better nutrition and understanding of prenatgl
life nowadays. The fetal material used in Figure 23 spans 65 years from Mall (1910)
to Birkbeck et.al. (1975) and in this time there migﬁf well have_been a secular
increase in fetal length with age similar to that which has been shown to have
taken place in postratal life (Sinclair,1973). However, if this was so
Figure 23 would be expected to be arranged in chronological order which it clearly
is not, although other factors such as ethnic difference might well be camouflaging
this effe;t. |
Before 1968, the only mater;al available for fetal study came from
spontanecus abortions and therefore automatically carried all the disadvantages
associated with such material. Presumably attempts were made to eliminate from
theée studies those fetuses with obvious abnormalitieS,.althougﬁ this is not always
stated, but nevertheless such material will always comtain some degree of increased
variatiom and irregular development which is in addition to the normal variation.
In this respect, it is interesting to note that the equation of Birkbeck et.al.(1975)
in PFigure 23 gives the greatest C.R. length for any particular fetal age and this
is significant because his material is fresh from pregnancies that have been

terminated for non-pathological indications. One would expect that in pregnancies
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vhere pathological conditions existed the growth of the fetus would most

likely be inhibited and that for a given fetal age the C.R. iegéth would be

less than that for a normal fetus. Birkbeck et.al.(1975) however have compared

their results to previous studies which iﬁvolved fetal material from spomtaneous

abortions and have declared that the average relationships they calculated, agree
remarkably_weil with the results reported many years ago. ' The differences

that they did find, they suggested might be partly attributable to the effects

of preservation of speéimens in formalin.

Schultz (1919) found thatlharked changes in size can be noted after

being in formélin and these chﬁnges may vary accordiné to the different parts

" of the body involved and the duration of the preservation. These changes may

involve increases or decreases and Schultz (1919) founﬂ that C.R..length

decrenses on average by —2.54% (range + 1.8 to — 6.7%) after 36 weeks of preser—
vation in 10% formalin. He further concluded that the absolute size of the
fetus does not seem to have any noticeable influence upon the relative change

in C.R. length énd this applied also to the state of the specimen. The decrease

" was found to be most marked in the first week, and a t-test applied to his

results showed a significant decrease at the 5% level for preservation in 10%

" formalin for 36 weeks. Scammon and Calkins (1929) added to the work of Schultz
(1919) but their results showed that the changes following préservation in 1G#
formalin are relatively slight. After & months their-average decrease in C.R.
length was only -0.4%. Only rarely do studies reveal whether or not their
specimens were prese¥ved in formalin prior to measuring and in Figure 23 it is
significant to noie that Both Tanner's equation and the equation of Bifkbeck
et.al. (1975) would give a greater C.R. length for a partiéular fetal age than
any of the other equations. The material for Tanner's equation was mea.sur-ed

_whilast the fetuses were still fresh and Birkbeck ¢t.al.(l975) took scaled

photographs of their fetuses within 1 hour after delivery and used these
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photographs to obtain the C.R. 1engths.: If formalin preservation does
decrease the C.R. léngth, then Tanner's equation and the equaéion for Birkbeck
et.al.(1975) would be expected to represent the maximum length obtainable at
eny particular age, which apparently they do. The information available
concerning formalin preservation however is not clear. The results of Schultz
(1919) and Séammon and Calkins (1929) are conflicting regafding whether or not
the changes due to preservation in formalin are significﬁnt, but even so in
Figure 23 part of the differences between the graphs might well be explained
on the grounds Ef differences iﬂ preservation procedure. With the necessary
information unavailable however, the extent of this effect is imﬁossible to
determine.
The most significant factor producing the differences between the
graphs of figure 23 concerns the way in which the measurement of C.R. length
was taken. Only if all of the feﬁuses were measured in the same way would the
graphs be expected to be similar, and because they are spread out suggest that
the fetuses were, in fact, measured in different ways. This is exclusive of
those situations in which different obéervers made the measurements and wﬁich
would result in increased variation due.-to inter-observer error. Unfortunately
in many studies of fetal growth the method by which thelfetuses were measured
is often either absent or very badly worded resulting in a great deal of confusior
The maximum C.R. length that can be obtainedlffom a fetus is one in which
the fetal back has been straightened, the head has been placed in the Frankfort
plane and the thighs have been placed at 90° to the trunk. The distance
‘measured is from the vertex to the buttoclks and in this study has been called
Crown-Rump Extended Length. This name was so assigned to distinguish this
measurement from the more usual 6rown—Rump length which has been taken to mean
the distance between the vertex and the buttocks with the fetus in a slightly

flexed position, similar to that which it takes up after it has been fixed.
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Many studies do not make this distinction between measurements and consequently
the expression Crowﬁ—Rump Length has, in the past, included‘aEVariety of
definitions of measurements. |
In Figure 23 Olivier and Pineau {1958), Birkbeck et.al. (1975), and
Tanner (1976) have all measured C.R.E. length, although both Olivier and Pineau
(1958) and Birkbeck et.al.(1975) call it C.R. length. They have therefore
measured the maximum C.R. length possible and it is sigﬂificant that for any
given agé these three graphs would give the largest estimates of C.R. length.All o
the other graphs in Figure 23 either cléarly have not measured the maximum C.R.
length (Robinson, 1975} or there is considerable doubt surrounding the
measurement they actually made (Mall, 1910; Streeter,,1920;. Patten, 1953; Arey,"
1965; Hamilton and Mossman, 1972). This doubt hinges upon the descriptions
~of the measurements taken but nevertheless all of the investigators have called
their measurement C.R. length.
Mall (1910) describes the m;asurement as "sitting height" but the

diagram he includes illustrates a well-flexed head, certainly not in tﬁe
Frankfort plané. Patten (1953) also uses the description "sitting height" but
aéain the diagram used to illustrate thé meésurement shoﬁ; a fetug with its head
not in the Frankfort plane and even includes flexion of the fetal trunk, Arej
{1965) also measurel"sitting height" but hié diagram is similar to Patten (1953)
and illustrates the distance measured as being from the vertex to the breech of
a flexed embryo., Hamilton and Mossman (1972) are véry brief in their
description and simply mention the measurement of sitting height from the vertex
‘of the skull to the breech. All of the definitigns vhich include the
measurement of sitting height can bé criticised because sitting is an actiom
that the fetus has never performea and it is difficult to visualize an extension
of the postnatal sitting height measurement described .by Tanner, Hiernaux and

Jarman (1969) into antenatal life. Streeter (1920) in his description of the
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measurement of C.R. length mentions that the body can be safely straightened

for C.R. lengths down to 35-40 mm. but does not include any'd;écription for the
head peosition. It is conceivable therefore that the original data for these

5 graphs include measurements that are different to C.R.E. length and because
C.R.E. length is the greatest C.R. length possible, then it would be expectéd
that the graﬁhs would give‘a smaller estimate of C.R. lengthnfor a particular
fetal age. From Figure 23 it can be seen that this is sc and this suggests that
there is variation améngst invéstigators as to the precise definition and
anthropometric £echnique for C.ﬁ. length. The fact that the graphs are so
diverse highiighté the fact that combinations of fle;ed and extended fetal heads
and trunks can lead to a variety of definitions.

In Figure 23 the graph of Robinson (1975) supports the idea of differences
of fetal ﬁositionduring measurement, Robinson (1973).attempted to ecstimate fetal
age during the'first trimester in utero by measuring the C.R. length using
ultra-sound techniques. On the basis that the fetus in utero assumes a flexed
attitude, Robinson's (1973) C.R. length measurement is different to that of
: C.R.E. length and Robinson (1973) confirmed his measurements on 20 fetuses
after they had been aborted. He made a direct measureﬁent of the C.R. lengih
with the fetus in what was thought to be a "normal" deg¥ee of flexion and his
error was sufficiently small to allow him to assume that the sonar measurement
was indeed C.R. length. However, it is difficult to understand how Robinson
{(1973) was able to assess a "normgl degree of flexipn" because the fetus moves
a great deal.(Robinsom, 1973; Higginbottom et.al., 1?76) and in doing so will
alter its position. Pe?haps there is an attitude to which a fetus~aiways
returns on relaxing after moving but this has yet to be éhown and even so, this
attitude would probably vary from fetus to fetus and would alter during thé
course of time. Similarly it is not certain that the actual length Robinson

(1973) was measuring in utero was the same as the C.R. length measurement ex utero
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Robinson (1973) has shoyn that his meaéﬁrements using ultrasound are indeed
reliable but whether'or not they are valid is very difficult'tz prove.
Nevertheless, the fact that Robinson (1973) has described his measurement as
C.R. length and inferred ihat there is some degree of flexion in this measurement,
highlights that the definition of C.R. length is pot universal amongst
investigatoré'of fetal growth. The definition of C.R. length used by one
investigator does not necessarily mean that it is the saﬁe as that used by any
other investigator.

Comp&red-with the other studies included in Figure 23, it is significant
that Robinson's (1975) graph lies below that of Olivier and Pineau (1958},
Birkbeck et.al. (1975), and Tanner (1976) because these investigators measured
C.R.E.length vhich would ‘give a greater estimate of C.R. length for any particular
fetal age tﬁan Robinson's (1975) graph, which used a flexed fetal position in its
measureménts. Purthermore it is significant that the graphs of Arey (1965) and
Hamilton and Mossman (1972) lie below that of Robinmson's (1975). Both of these
authors leave considerable doubt concerning the precise distance that was
measured and pe?h&ps they used a rather more curled position in their estim&tion
of normal fetal posture than Robinson {1973) found to be the actual case in utero.
It would appear also that Patten (1953} has used a posifion similar to that of.
Robinson (1975) and this flexed attitude agrees with the diagram he includes in
his study to aid his definition of the measurement. Streeter (1920) on the
other hand suggested that the fetal body should be straightened before measuring
although he does not mention the head position and, therefére, not suprisingly,
hig estimate lies very close to those studies which used C.R.E. length as the
basis for measuring.

Until recently when it has perhaps become more accessible, the human
fetus has remained in & transition zone between two well established academic

areas of research and study, namely embryology on the one hand and postnatal
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raediatrics on the other. Perhaps an.exPlanntiom for the various measurements
used to define C.R. length is:té be found in this situation. ;iIf'an embryologist
extends his work to include fetdl life then, quite nafurally, he might take with
him the mannerisms and habits of embryology including the measurement in length
of a curled embryo, which emb;yologists call C.R. length. On the other
hand, a paediatrician in the same situation might well define his measurements
in a manner similar to that suggested by Tanner, Hiernaux, and Jarman (1969)
for postnatal life and develop.an objective measurement based upon the concept
of maximum dimeﬁéions. It is here that a difference in meaning, albeit with the
saﬁe terminology,.might well be founa and it is not surprising theréfore to
notice that'Aéey (1965) demonstrates C.R. length as a curled embryc and Hamiltﬁn
and qusman's_(1972) wo;k is entitled "Human Embryology" whilst both these
studies produce graphs which suggest that a flexea fetal attitude has indeed
been used.
| A search of the available literature concerning fetal C.R. length
develoﬁmént shows that only rarely are revealed the means by vhich the data
collected are treated statistically to. produce the growth standard. From those
studies which do give details of the data handling, it is apparent that severél
different methods are employed. The more common methods include arranging the
fetuses into convenient intervals and caléulating the mean values for the
intervals {(Mall, 1910; Streeter, 1920; Patten, 1953; blivier and Pineau, 1958;
Arey, 1965; Hamilton and Mossman, 1972), simple graphic representation (Schultz
1926) and regression analysis {(Wich, 1972; Robinson, 1973; Birkbeck et.al., 1975).
This variance in the underlying models which are used to describe fetal growth
will in themselves, lead to variance in the graphs that are produced as standards.
(See Figure 23). In Figure 23, therefore, some of the variance between the
represented graphs may be attributable to the different procedures involved
in the data handling,

‘Along similar lines, the statistical methods that have been used in the

production of the growth standards will determine to a large extent their future
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use. Vhen the data for two related parameters are condensed so that a single

estimate for Y from a éiveu value of X may be made, then the‘cShdensation of the

data ought to take place in the Y-direction. It is assumed that the variance of
the data is to be found in the Y—variable; with the X-variable possessing little
or no variance. Following this procedure, the graph produced by condensing'

the data in ﬁhe Y-direction in order to be able to esﬁimate Y from X might well

be different to that produced by condensing the seme data in the X-direction

in order to be able to estimate X from Y. This means that when fetal age is

required to be éstimated from C.R. length the data should be condensed along the

age-axis. similafly, when fétal length is required £o be estimated from fetal

- age +the condensation of the data ought to take place along the length-axis.

' These two situations are entirely separate énd yet & search of the literature
revealed only one study, Birkbeck et.al. (1975), in which separ;te attempts had
been made to solve this problem. All of the other studies involved in PFigure
23, apart from Robinson (1975) and Tanner (1976), merely produced a fetal age
accompanied by a measurement of C.R. length with no indiéation of the direction
in which condensation of the data had taken place. The implication f;om these
studies was that the data were interchangeable and for comparitive purposes
they were all superimposed on the same set of axes in Figure 23, but as Birkbeck
et.al. (1975) and this study h&ve shown, this implicatiﬁn.haé no sound basis and
there are in fact.two entirely separate situations; oge vhere age is estimated
from length and the other where length is estimated from age.

The regression of Birkbeck et.ql.(1975) for predicting fetal age from
C.R. length is sﬁown in Figure 23. Their regressioﬁ équation for prédictiné
C.R. length from fetal age is shown in Figure 24. 1In their study Birkbeck et.al.,
(1975) restricted their fetal age range to between 50 and 150 postmenstruai days
. (0.096 yr. — 0.370 yr. conceptual age} and stated that care should be taken not to

extrapolate the regressions beyond the ranges of the observations. In Figure 23
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the determination of ﬁhe borders of the régression line based upon the age

range 1s easy td accomplish but in Figure 24 the regression.li;e represents a
.negative length.when the fetal age is 0.096 yr. which is obviously wrong. The
borders for the regression equation in this situation ought to be expressed

in terms of C.R. length because it is quite meaningless to express them in terms
of fetal age;

For comparative purposes the original data from the 129 fetuses supplied
by the University of London were reduced to 101 fetuses by selecting only those
fetuses betweenrthe conceptual aées of‘0.096 yr. and 0.370 yr. These were
subﬁected to polynémial regression analysis in order to be able to predict fetal
age from C.R. length and the results are shown as "Reduced Tanner" in Figure 24.
To complete the picture the original regression eqqation from the original 129
fetuses was also included in addition to the 129 data points.

.Bearing in @ind that in Figure 24 it is difficult to establish the exact
end-points of the regression line for Birkbeck et.al. {1975}, it can be seen
that tﬁe ihree regression lines shown are very close together particularly when
the C.R. length is small. This is not surprising since all three lines aré
based upon the measurement of C.R.E. iength although‘it is difficult to explain
the divergence of the graphs with the increase in C.R. iength. | Perhaps another
factor influencing the situation is that Birkbeck et.al. (1975) only attempted
linear regression analysis and in both of the situati;ns involving the material
. from the University of London a quadratic equation was found to be the best fit
when polynomial regression analysis was applied. At the extremes of the analysis
perhaps the influence of the quadratic equation is most felt.

Table 4 shows that the error involved in the estimate by using the
regression equation of Birkbeck et.al.(1975) is similar to both of the equations
invelving Taonner's material. This means that there is an equal spread in terms

of age around the regression line of Birkbeck et.al. (1975) as for the regression
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Table 4

Conceptual Age in Decimal Year Estimated from Several Sources using

C.R. Length

SOURCE EQUATION S.E.E. CORRELATION | n
Birkbeck et. al. | Y = 0.0012876X 0.019 0.933 98
1975 S | +0.1113151 (7 days)

Tanner 13876 Y = 0.156053+ 0.018 0.937 101
Reduced _ O.QOOABGXE (7 days)
0.000004X .
Tanner 1976 Y = 0,124671+ 0.019 0.967 129
Normal 0.001053X§ (7 days)
0.000002X
Table 5

Comparison of Different Mathematical Models on the Data from
London University .

SOURCE EQUATION . S.E.E.
Polynomial Y = 0.124671+ . ] o0.019
Regression 0.00IOSBXZ (7 days)

: 0.000002X°
Logistic Y = 0.1489.1.005% 0.020
Equation _ (7 days)
‘Allometric Y = 0.01399x0 627982 0.045
Equation . {17 days)
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lines of this study. ..Along similar lines, it is interesting to note that

there is a slight iﬁcrease in the S.E.E. with the inclusion‘oéwthe older fetuses
in Tanner's material. If the biological variation of C.R. length in fetuses

of the same age increases with age as thé individual aspects of fetal growth
become more effective, then this slight increase in error of the eatimate would
be expectgd,‘but the extent of this effect is difficﬁlt to &sgess becausge it is
camouflagea by the errors inherent with the use of L.M.P. dates.

The polynomial.family of curves is only one of several that can be applied
to growth and i£ was thought possible that polynomial regression might not be the
most suitablé for.analysis of.the data. Consequentl& a study of different
underiying medels was attempted to see if a more accurate estimate of fetal age
could be obtained from C.R. length. Thi; involved subjecting the original
data from the 129 fetuses from the University of London to various procedures.

-The loéistic equation is of the form:
Y = A.B."

If logarithms are taken for both sides of the equation, we obtain;

log.Y = log.A + X log.B.
Therefore, if the log. of fetal age and the corresponding C.R. length are
subjected to linear regression analysis the intercept v#lue obtained will be
equal to log.A and the slope of the line will be equal to loé.B. | In this way
a logistic growth curve can be drawn. -

The dllometric equation is of the form;

Y = A
If logarithms are.taken of both sides of the equation, we obtain;

log.I = log.A + B log.X.
Therefore, if the log. of fetal age and the log of C.R. length are subjectéd
to linear regression analysis, the intercept value obtained will be equal to
log.A and the slope of the line will be equal to B. In this way en allometric

growth curve can be drawn.



If the data are arranged in clasées with 10 mm. C.R. length as
the class-interval, another growth éurve can be formed by plétting the mean
age-value for each class against.the mid-interval C.R. length value for the
same class.

The‘original data from the 129 fetuses from the Uﬁiversity of London
. were subjected to each of the three procedures outlined above; The resultant
graphs were drawn on the ggme set of axes for comparitive purposes and in

addition the ériginal data points were also plotted as well as the polynomial
regression equation that was used in the study to dgé'the other fetuses (Pigure 25)
Table 5 gives the details of the individual graphs.

The graph which was drawn on the basis of arranging the fetuses

into groups of 10 mm. C.R.E. intervals is shown in Figure 25 merely as a single
line. An assessment of the error involved was attempted but in order to be
_accurate required the apélication of complicated mathematical procedures. An
~assessment of the error involved is the;efére not included.;nd the graph is
include& in Figure 25 merely for comparison with the others. This "interval
gfaph was not congidered as a practical possibility for the study because each
of the intervals contained different numbers of fetuses. This meant that equal
emphasis was being placed upon.unequal numbers of fetuses and it was thought
~that such a procedure would bias the resultant graph.__ Nevertheless, from
Fiéure 25, it can be seen that such a procedure produces a graph which is very
similar in appearance to those of the other three methods.

In Figure 25 it can be seen that all of the procedures produce graphs
which are very similar in appearance although there is increased difference
towards both ends of the range of fetal length. This is only.to be expected
because of the lack of data beyond these points and highlights the dangers
associated with placing too much emphasis on estimates which are from the ends of

the data range.
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COMPARISON OF TANNER ESTIMATES

Figure 25,

A compurison of different underlying models applied to the

data
PR
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from London University.

Polynomial Regression Equation
Logistic Equation

Allometric Equation

Interval Equation (10mm C.R.E. length)
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Table SVShD;S that each of the methods is a good predictor of
fetal age from fetal C.R.E. length but the relatively high S.E.E. associated
with the allometric equation (0.045 yr.) would appear to eliminate it from anyl
practical consideration.

Mogs et.al. 1955 found an interphase to be present when they attempted
to relate thé allometric growth equation to C.R. lengfh and this means that the '
relationship of : |
Y= AX°
is not suitable to describe C.R. development. It is therefore not surprising
- to find that the errbr involved with such a model is high.

Table 5 also shows that the error involved in using the polynomial regression
analysis (0.019 yr) is similar to that found when using the logistic equation
(0.020 &r).and although the difference does not appear to be significant, it
suggests fhat the use of the logistic equation in further studies might be
conside?ed.- |

In addition to studyiﬁg different mathematical models which might
be used to describe the growth of fetal C.R. length, consideration was also
given to other fetal measurements from.which fetal age might have been.estiuated.

Crown-heel {C.H.) length was considered as a substitute for C.R.
length and the data of the fetuses from the University of London contained details
of the C;H. length, which allowed polynomial regressidn analysis to be carried
out (See Figure 26). The correlation coefficient for the data of figure 26
shows that C.H. length {5 a good prédictor of fetal age and the S.E.E. of 0.018 yr
(7 days) demonstrates that the error.involved in the prediction is slightly
lower than that involved when using C.R. length and polynomial regréssion.

Even go, the errors involved #ith the {wo methods are very similar and Birkbeck
et.al.(1975) in a similar study found a similar situation with the error

involved using C.R. length to be 7.2 days whilst that for C.H. length was only
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6.9 days. On this basis it may be assumed that the measurements have almost
the same‘value of predictive accuracy although C.H. length mugt be considered
as being slightly more accur;te. On the other hand, C.H. length is a more
difficult measurement to take than C.R. length, particualrly when ﬁhe fetus

has been fixed and is in‘é flexed attitude with the knees drawn uprto the chest.
There is often great difficulfy encountered when trying to straighten the fetal
lower limbs and there is the possibility of greater error becoming involved as
the_yariable positions of the lnee and ankle joints are included.

Finnstrom (1972) was able to reduce considerably the error involved with
the estimate of age.in human neonates by using a combination of five measurements.
It is anticipated that a further study of fetal age estimation might well be
able to reduce the error invelved by using a similar combination of measurements,
for exaﬁple C.H._length in conjunction with C.R. lengfh. Biparietal diameter'
(B.P.D.) might also be included for consideration for the future because this
method is now receiving particular atténfion on a longitudinal basis in utero
by the use of ultrasound. This suggests that it might well become the most
accurate methoﬁ of fetal age estimation from a single measurement and the
lonéitudinal approach means that a conﬁinuous growth pattern can ‘be obfained
rather than a cross-sectional picture which has been the only method available
so far. Unfortunately, ﬁowever, the underlying effects of the error involved
vith using L.M.P. dates mean that a perfect correlation coefficient of 1.0
between fetal length and fetal age is extremely unlikely, unless a more accurate
methpd_of estimating true gestational age becomes available. Even if such a
method were found, the natural bioloéical'variation that is thought to exist
in terms of length at any particular age, would still tend to destréy a perfect
correlation, but perhaps the true extent of this wvariation could then be
‘_calcula‘ted.

The accuracy of any method involved with the estimation of‘f;tal age
is influenced to a great extent by the normality of the‘original fetuses. In

this study, 127 fetuses were eliminated from the original total of 256 fetuses
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from the University of London because tﬁey-were congidered to have some abnormality
which would affect fetal growth.ih their records. [Fetuses were eliminated there-
fore on the basis of, for example, toxaemia, nephritis; diabetes mellitus,
previously thréatened abortion, twins, disessed placenta,‘and ethnic origin if
other than Cancasian. There is very little literature available regarding causes
of fetal growth retardation and therefore every attempt was made to eliminate all
"abnormal" fetuses and include only the "normal". The fact that all of these
fetuses however were the products of spontaneous abortions undermined this principli
but it is impossible to determine exactly the extent of this problem, although it
is thought to be only slight. It any:doubt had been expressed concefning the
accuracy of the L.M.P. dates, the particular felus was automatically eliminated;
The results of these endeavours can be seen in Pigure 20.

For cémparisop the data from the 256 fetugés which c?ngisted of a
combination of the '"normals" and "abnorﬁals" were subjected to polynomial
regression analysis (See Figure 27). Surprisingly the graph in Figure 27 is
almost identical to that ;n Figure 20 and even more surprisingly the error
involved in the estimate of fetal age increases only slightly from 0.019 yr. (74;
to 0.022.yr. {84) when the abnormal fetuses are included in the calculations. This
suggests that perhaps the factors known to affect fetal growth towards the end of
pregnancy aré.not 50 pronounced earlier on inffefal life and the parasitic aetion
of the fetus with regards to the mother might well over-ride an interference
particularly one concerning scolely maternal health. In order.to study this
further, the 127 abnormal fetuses were classified into groups based on their
abnormaiity and the data were compared to the equation calculated for this study
from the normal fetuses. Unfortunately the lack of numbers for many of the
groups made impossible the justification of any conclusions and therefore only
two abnormal groups are presented here although all ﬁbnormal’groups wvere studied.

Ethnic origin is a factor known to affect skeletal growth and development
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regardless of "abnormality".

Figure 27.

- 162 -



particularly during childhood . (Chriétiﬁ et.al., 1950), Therefore,
those fetuses for whom at lea;t‘one prarent was not Caucasian were eliminated
from the data as a group and theéir co-ordinates were flotted on graph paper in
addition to the equation of this étudy + 2.8.D. (See Figure 28)., Figure 28
shows that the influence of ethnic origin on C.R. length is nearly normal over
the age range for this study although it must be said that there is considerable
variety in these fetuses regarding parental origin. Perhaps a more specific
racial group similar to that studied by Nishimura (quoted by Birkbeck et.al.1975)
in Japan, would ﬁroduce a more consistent diffgrence.

A similar procedure wasg appiied to the data of 10 sets of fwins and
in Figure 29 their data points can be geen superimposed.upon Tanner's equation
(1976)}.  The fact that four of the sets have different C.R. lengths is, in
itself, very interesting in terms of the Biologicél variation in C.R. length
involte& with fetuses of the same age but presumably a more detailed study which
" included the determination of monozygous or dizygous twins would be needed
before ‘any firm comclusions could be reached. Figu?e 29 shows that the growth
in C.R. length of human twins does not appear to be abnormal between the range
- of 60 ; 230 mm. although it is known that singleton neonates are larger than
twin neonates (Ounsted and Ounsted,‘1973). It is conceivable that the retarding
influence on itwin fetal growth might manifest i£se1f only when there is restrictio
in terms of space; In eariy fetal life, the twin fetuses might well have
. sufficient room to grow normally and it is only in tge last trimester, when
available space is at a premium, that growth retardation might take place. This
certainly requires further investigation. .

In a further attempt to improve the estimate of fetal age from C.k.
length and to investigate the possibility of there being a sex difference in
b.R. length between fetuses of the same age, the d;ta from the original 129

fetuses were separated into groups of males and females. Both the 71 males
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TWINS
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Figure 29.
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Assessment of the effect of the presence of twins on
fetal growth.
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and 58 females were subjected tq polynomial regression analysis and Figure 30
shows that the resultant equations are very similar in appearance. No sex
difference is therefore suggested in the dévelopment of C.R. length and the
similarity of thg errors involved with the equations suggests that the variance
about the lines is of the same magnifude with no improvement of estimate of fetal
age being made possible by separation into groupé based on sex. These results
agree with Biﬂcbeck et.al. (1975) who could not find any evidence of sexual
dimorphism in the relation between C.H. length, or weight, end post-menstrual age
between 50 and 150 days, and suggested that if such dimorphism is present, it
must be of small magnitude. Birkbeck et.al. {(1975) however, do not reveal
how such an assessmént was made.

The use of conceptual age for the fetuses throughout this study is an
attempt to be nearer the biological t;uth than would be the case if menstrual
aée was uged. The life of an individual begins with fertilisation of the owvum,
although Dirkbeck et.al.(1975) have suggested that it is difficult to precisely.
define when this occurs. At present it is difficult to determine thg.uctual
time of conception but because ovulation usually occurs about the fourteenth day
after the onset of menstruation, a simpie éubstraction of 14 days from the
menstrual age allon a reasonable estimate of ovulation age to be obtaingd.
Bearing in mind thgt the ovum has only a very limited viability, this ovulation
age may also be considered as a reasonable estimate of conceptual age, although
it must be appreciated that no greater accuracy in ageing is obtained by doing so.
Th; error involved with the use of L.M.P. dates could be considerably reduced
by the use of coéulatory age because of the limited viability of the male gametes
but has to be reluctantly dismissed because of its impracticality.” This is
unfortunate because the use of "pbst—copulator& agé" rather than "age after birth"
for growth studies in rats (Hughes and Tanner, 1970) has led to a considerable
reduction in fariabilit& of measurements at any.given age and so is clearly

advantageous.
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(1)

(2)

(3)

(4)

(5)

(6)

(1)

SUMMARY

The fetuses were aged b&éed uéon the measurement;of their'Crown-Rump
Extended Length.

Published daéa relating C.R. length to fetal age was criticised begause
there was considerable difference between sources. Thig difference was
attributed to:

a) Different samples upon which equations were based.

b) Secular change. )

c) Some material being from spontaneous éborﬁibn, other material being

from induced abortion.

d) Preservation of fetuses.

‘e) Imprécise definition of C.R. length, and differing snthropometric

: techniques.-
£) Different underlying models of growth.
CTR.E. length is put forward as a.cleﬁrly defined obj;ctive measurement
vwhich lends itself‘readily to precise measuring.
It is emphaéised that when fetal ége is to be estimated from fetal length,
the condensation of the variance ought to be along the age-axis.
¥hen some form of abnormality is present fétal growth of C.R. length
might not be affected in the first two—thirds of pregnancy as much as the

retardation at term would suggest, particularly where twins and racial

difference are concerned.

‘There is no difference in growtﬁ of C.R. length between male and female

fetuses over the age range studied.
The use of conceptual age is advocated for use in all fetal work. It is
closer to the true biological situation of gestational age than the more

commonly used menstrual age.
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Part of this work on fetal ageing has already been published.

"Bagnall, K.M., Jones, P.R.M., and Harris, P.F.1975.
Estimating the age of the human foetus from crown-rump
measurements.

Annals of Human Biology, 2, 387-350"
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The Times for Appearance of the Ossification Centres

Having noted the presence or absence of each of the ossification
centres on each of the radiographs, the fetuses were arranged in chronological
order (See Appendix E). This made easier the determination of the earliest
age at which each ossification centre was.seen and also helped to identify th;
oldes£ fetus in which the ossification centre was not seen. This difference
- between these two ages can be considered as the age range over which each particular
ossification centre can be said to appear and the resulis can be seen in Table 6,
Table 7, Table 8, Figure 31, Figure 32, Figure 33.

Throughout this study, it has been realised that the vertebra C1 does
not have a body. Its ceﬁtrum, thérefore, has been considered to be the

cartilaginous mass which will form the future dens attached to vertebra C This

5
.is in accordance with Gray's Anatomy (Warwick and Williams, 1973).

Great care wvas taken in the assessment of the presence of an
ossification centre, particularly when the fetuses had not been stained with
silver nitrate prior ts radiography. The initial change in appearance observed
‘when a centre becomes present involves only a very slight change in
radiotranslucency and thercfore ; 4 dioptre lens was used in all cases. Wherever
there was doubt ag to the presence of an ossification centre in the A.P. view,
the lateral view wvas laken into consideration if this was available.

In order to assess further the validity of combining the three sources
of data, especially to inc;ude the radiographs of thoge fetuses that had been
stainea with silver ﬁitratg, each of the three series of radiographs were
subjected to irndividuul determinations of appearance times for each of the
ogsification centres. The three sets of results were then compared to sce if any
particular source of data would dominate either the earliest age for appearance
of the ossification céntres or the oldest fetus in which the ossification centre
was not seen. The distribution of these overall values was evenly spread
throughout the three serius-ef.rudiugruphs and it was therefore'cﬁncludeq that

it was perfectly legitimaie to combine the three sources of data.
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Table 6

Appearance Times for Vertebral Neural Arch Ossification Centres

Skeletal Earliest Age at which | Oldest fetus in which
Element Centre was seen Centre was not seen
C1 0.184 0.196
Cc2 0.184 0.196
c3 0.184 . .0.196
C4 0.184 0.196 -
Cc5 0:184 0.196
Cé 0.179 0.196
c7 0.179 0.195
Tl 0.179 0.195
T2 0.179 0.195
T3 0.179 0.200
T4 0.184 - 0.202
TS5 0.184 0.202
T6 0.184 0.202
T7 0.184 0.202
T8 0.188 0.204
T9 0.189 0.202
T10 0.189 0.202
T11 0.189 0.202
T12 01189 0.204
Ll 0.189 0.202
L2 0.189 0.216
L3 0.190 0.218
L4 0.195 0.218
L5 0.202 0.247
51 0.202 0.397
52 0.211 0.397
53 0.250 0.413
S4 0.266 0.453
S5 0.294 0.501
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Table 7

Appearance Times for Vertebral Centra Ossification Centres

‘Skeletal Earliest Age at which | Oldest fetus in which
Element Centre was seen Centre was not seen
Cl 0.250 C.441
c2 0.234 . 0.365
.C3 0.212 0.344
C4 0.203 0.291 .
C5 0.200 0.272
Ccé 0.195 0.265
c7 0.190 0.246
Tl 0.189% 0.246
T2 0.189 0.246
T3 0.189 0.246
T4 0.189 0.246
TS 0.188 0.246
T6 0.179 0.246
T7 0.179 0.246
T8 0.179 0.246
T9 0.179 0.246"
T10 0.179 0.2456
Ti11 0.179 0.195
T12 0.179 0.195
Ll 0.179 0.210
L2 0.179 0.210
L3 0.185 0.210
L4 0.188 0.210
L5 0.189 0.210
51 0.190 0.233
52 0.191 0.292
S3 0.203 0,338
54 0.207 0.386"
S5 0.266 0.453
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" Table 8

Appearance Times for Primary Ossification Centres in the Long Bones

of the Limbs

Skeletal  Earliest Age at which | Oldest Fetus in- which
Element Centre was seen Centre was not seen
Humerus 0.1?7 . 0.169

Rad;us ~0.160 "0.169

Ulna ) 0.160 0.169
AFemur_ B 0.157. 0.169

Tibia 0.160 ‘ 0.169

Fibula " 0.160 0.169
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APPEARANCE TIMES FOR NEURAL ARCHES
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Figure 31. The appearance times for the vertebral neural arch

oggification centres.

The first cross indicates the age before

which the centre was not seen and the second cross indicates
the age after which the centre was always seen.
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APPEARANCE TIMES FOR CENTRA
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Figure 32, The appearance times for the vertebral centra cssification

centres. The first cross indicates the age before which the
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APPEARANCE TIMES FOR LIMB GSSIFICATION CENTRE
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Figure 33. The appearance times for the primary ossification centres

of the long bones of the limbs. The first cross indicates the
age before which the cenire was not seen and the second cross
indicates the age after which the centre was always seen.
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From Tables 6, 7 and 8 it can be clearly seen that most of the
ogsification centres for the vertebral column and long bones of the limbs
appear over & very short period of time. This is also well illustrated in
Figures 31, 32 and 3) which are diagrammatic reproductions of Tables 6, 7 and 8
respectively. -

None of the oggification centres for the Qertebral neural arches
appears before 6.179 yr (9 weeks) and all of them are present after 0.501 yr.
(26 weeks). However, all of the centres fronCl to L4 are present by 0,218 yr.
(11 weeks) and it is only the appearance of L5 and all of the sacral neural afch
ogsification centres which significantly increase the range for appearance time.

From Table TIand_Figure 32 it can be seen that none of the ossification
ceﬂtres for the vertebral centra appears before 0.179 yr. (9 weeks) and @hat all
;f ﬁhe centres are present after 0.453 yr. (24 weeks). However, the ranges for
appearance time of all of the centra ossification centres are greater than the

range for the corresponding neural arch ossification centres, with only T T

11’ "12'

L., and L. having a relatively shert period of time over which th:

Lyr Lys Ly Ly 5

1 3’
centre appears.

The appearance times for the priﬁary ossification centres in the long
bones of the limbs can be seen in Table 8 and Figure 33. All of these centres
Aappear over a very short period of time and théy are all present Sefore the
vertebral column has commenced ossification.

In order to compare these results to the previous work of Teissandier
(1944) ,Noback and Robertson (1951), and O'Rahillf and Meyer (1956), the ages
represented in Tables 6, 7 and 8 have been converted to C.R.E. lengths.
Teissandier (1944), Noback and Robertson (1951) and O'Rahilly and Meyer (1956)
have all usged the fetal C.R. 1ength'us their meaéurement of development and the
comp#rison with the present work can be seen in Tables 9, 10 and 11l.

Teissandier (1944) used the Splatehotz method of staining with

alizarin red and studied 148 embryos and fetuses, 21 between 17 and 36 mm. in
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Table 9

Comparison of Appearance Times for Vertebral Neural Arch Ossification

Centres
Ranges For Appearance Times
Skeletal | This Study Noback & Teissandier 0'Rahilly &
Element C.R.E. 1lgth Robertson 1951 1944 Meyer 1956
mm : C.R. lgth mm C.R. lgth mm| C.R, lgth mm

Cl 51.0 - 61.0 45.0 ~ 49.0 - 50,0 - 60.0 51.0 - 52.0
c2- 51.0 - 61.0 40.0 - 45.0 51.0 - 60.0|] 51.0 - 51.0
C3 51.0 - 6§L.0 38.0 - 45.0 51.0 - 60.0 51.0 - 52.0
C4 51.0 - 61.0 38.0 = 45.0 51.0 - 60.0 51.0 - 54.0
C5 51.0 - 1.0 38.0 = 45.0 51.0 - '60.0 51.0 - 54.0
cé 47.5 - 61.0 38.0 - 45.0 51.0 - 60.0 51.0 - 54.0
c? 47.5 - 61.0 38.0 = 45.0 51.0 = 60.0 51.0 - 54.0
Tl 47.5 - 60.0 38.0 = 45.0 51.0 - 60.0 51.0 - 54.0
T2 47.5 - 60.0 38.0 - 45.0 51.0 - 60.0 51.0 - 54.0
T3 47.5 - 63.5 40,0 - 52.0 51.0 - 60.0} 51.0 - 61.0
T4 51.0 - 65.0 40.0 - 60.0 51.0 - 60.0 51.0 - 64.0

- TS 51.0 - 65.0 40.0 - 60.0 51.0 - 60.0 51.0 - 64.0
T6 51.0 - 65.0 40.0 - 60.0 51.0 -~ 60.0} 54.0 - 64.0

- T7 51.0 - 65.0 45,0 - 60.0 51.0 - 60.0 54.0 - 64.0
T8 54.5 - 66.5- 45.0 - 60.0 51.0 - 60.0} 54.0 - 64.0
T9 55.5 - 65.0 45.0 - 60.0 51.0 -~ 60.0f 54.0 - 64.0
T10 55.5 = 65.0 45.0 - 60.0 51.0 - 60.0| 54.0 - 64.0
Ti1 55.5 - 65.0 45.0 - 60.0 51.0 - 60.0 54.0 - 64.0
T12 55.5 - 65.0 45.0 - 60.0 52.0 - 60.0 54.0 - 64.0
L1 55.5 - 65.0 45.0 - 60.0 51.0 = 60.0| 54.0 - 64.0
L2 55.5 = 76.0 45.0 - 60.0 51.0 - 85.0 54.0 - 64.0
L3 56.0 - 77.0 45.0 - 68,0 55.0 - 91.0 54.0 - 64.0 -
L4 60.0 - 77.0 45.0 - 68.0 58.0 - 91.0 59.0 - 82.0
L5 65.5 - 98.0 60.0 - 69.0 60.0 - 93.0 69.0 - 82.0
51 65.5 - 190.0 65.0 - 76.0 75.0 - 110.0 75.0 - 112.0
52 72.0 - 190.0 102.0 - 127.0 80.0 - 139.0| 104.0 - 143.0"
.83 106.0 - 199.0 102.0 - 161.0 135.0 - 170.0{ 106.0 - 143.0
sS4 111.0 - 220.0 135.0 - 161.0 139.0 - 205.0( 122.0 -
585 129.0 - 244.0 163.0 - 173.0 170.0 - 350.0 -
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Table 10

Comparison of Appearance Times for Vertebral Centra QOssification Centres

Ranges for Appearance Times

Skeletal _This Study Noback & Teissandier 0'Rahilly &
Element C.R.E. lgth Robertson 1951 1944 Meyer 1956
mm C.R. lgth mm C.R. lgth nm C.R. lgth mm
Ccl 100.0 - 213.5 135.0 - 161.0 165.0 - 195.0 -

- C2 -88.5 - 172.0 69.0 - 120.0 75.0 - 130.0 81.0 - 123.0
c3 73.0 - 160.0 69.0 - 102.0 75.0 --105.0 70.0 - 112.0
C4 66.0 - 127.0 57.0 - 85.0 75.0 - 105.0 70.0 - 112.,0

- C5 63.5 - 115.0 57.0 - 71.0 65.0 - 91.0 70.0 - 82.0
cé 60.0 - 110.0 52,0 - 71.0 65.0 - 80.0 70.0 - 82.0
C7 56.0 - 97.0 52.0 - 68.0 | 60.0 - 80.0 | 59.0 - 82.0
T1 55.0 - 97.0 52.0 - 69.0 57.0 = 72.0 59.0 - 82.0
T2 55.0 - 97.0 52.0 - 57.0 57.0 - 65.0 54.0 - 75.0
T3 55.0 = 97.0 483.0 - 57.0 54.0 - 60.0 54.0 = 64.0
T4 55.0 = 97.6 48,0 - 57.0 51.0 - 60.0 54.0 = 64.0
TS 54.5 - 97.0 40.0 - 52.0 51.0 - 60.0 54.0 - 64.0
T6 47.5 - 97.0 40.0 - 52.0 51.0 - 60.0 54.0 - 64.0
T7 47.5 - 87.0 40.0 - 52.0 51.0 — 60.0 54.0 = 64.0
T8 47.5 = 97.0 40.0 - 52.0 51.0 - 60.0 54.0 = 59.0
T9 47.5 - 97.0 40.0 - 52.0 51.0 - 60.0 54.0 - 59.0
T10 47.5 - 97.0 40.0 = 52.0 43.0 - 60.0 54.0 - 53.0
T1l - 47.5 - 60.0 40.0 - 52.0- 43.0 - 60.0 54.0 - 59.0
T12 47.5 - 60.0 40.0 - 52.0 43.0 - . 60.0 54,0 - 59.0
L1 47.5 - 71.0 40.0 - 52.0 43.0 - 55.0 54.0 = 64.0
L2 47.5 - 71.0 45.0 - 52.0 43.0 - 55.0 54.0 - 64.0
L3 52,5 = 71.0 45,0 - 52.0 51.0 - 56.0 54.0 - 64.0
L4 54.5 - 71.0 45.0 = 54.0 51.0 - 56.0 | 54.0 - 64.0
L5 59.0 - 71.0 45.0 - 57.0 51.0 - 65.0 54.0 = 75.0
Sl 56.0 - 88.0 52.0 - 65.0 57.0 - 85.0 59.0 = 75.0
§2 56.5 -"128.0 60.0 - 68.0 59.0 - 93.0 59.0 = 95.0
s3 66.0 - 156.0 60.0 - 97.0 59.0 - 93.0 59.0 - 122.0
84 69.0 —- 184.0 84.0 - 143.0 82.0 - 170.0 81.0 -

85 111.0 - 220.0 135.0 - 175.0+ 107.0 - 350.0 | 122.0 -
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Table 11

Comparison of Appearance Times for the Ossification Centres of

the Long Bones of the Limbs

Ranges for Appearance Times

Skeletal This Study Noback and Mall 1906
Element - | C.R.E. length mm | Robertson 1951 C.R. length mm
C.R. length mm

Humerus 29.0 - 39.0 . 23.0 - 30.0 18
Radius 32.0--:39.0 24.0 ~ 35.0 19

Ulna 32.0 ~ 39.0 24.0 - 35.0 24

Fenur 29.0 - 39.0 23.0 - 35.0 18
Tibia 32.0 - 39.0 23.0 - 35.0 19
Fibula 32.0 - 39.0 29.Q - 35.0 30
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C.R. length and 127 between 37 and 400 mm.- C.R. length. Noback and

~Robertson (1951) studied 136 hpﬁan embryos ranging in C.R. length from 14 to

235 mm. having cleared their specimens with potassium hydroxide and stained their
bones with aliéafin red. O'Rahilly and Meyer {1956) studied 77 fetuses of
undetermined sex and ranging from 49 to 150 mm. in C.R. length. Their fetuses
had been fixed in 10% formalin for not more than a few days and had been immersed
prior to radiography in a 0.5% aqueous solution of silver nitr&te_fcr a period of
from 2 to 10 days depending upon the size of the specimen.

Table 9 compares the results of this study concerning the appearance
times for the vertebral neural arch ossification centres with the results of
Teissandier (1944), Noback and Rebertson (1951) and_O'Rahilly and Meyer (1956)..
At first élance it would seem that for most of the ossification centres, Noback
and Robertson (1951) havevrecordea an earlier perib& for appéarance time and this
might be immediately attributed to the earlier recognition of such centres by
‘using alizarin red staining in contrast.te radiography. However, such an
explanation is difficult to reconcile with the work of Teissandier {1944) who
also used alizarir red staining and whose results agree more closely with the
results-of this present study and O'Rahilly and Meyer (1956} than with Noback
and Robertson (1951). A more ncceptable explanation of the differences between
the three studies might well be found in the measurement of C.R. length.

Noback and Robertson (1951) do not include in their work a precise
defiﬂition of how C.R. length was measured. Instead they présent s table which
relates C.R. length to fetal age and reference is made to the work of Patten
(1946) and Scammon and Calkins (1929). Patten (1953) describes C.R. length as
"sitting height" but the diagram he uses to illustrate the measurement shows a
fetus with its head certainly not in the Frankfort plane and even includes
flexion of the fetal trunk. Scammon and Calkins (1929) on the other hand define

C.R. length as being measured as a straight line parallel to the vertical axis
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of the body and éxtending from the crown to the level of soft tissues over the
ischial tuberosities. The head is held-in ap erect position but is not extended,
and the thighs are flexed at fight angies to the long axis of the trunk. The
measurement is taken with a slight but firm pressure being exerted against the
soft tissues over the ischial tuberosities in cach ca;e. This desc;iption by
Scammon and Calkins (1929) is similar to the measurement of C.R.E. length as
defined by this study but is entirely different to that described by Patten (1953)
and therefore considerable doubt surrcunds the method by which Noback and
Robertson (1951) measured the C.R. lengths of each of their fetuses although it is
inferesting ta note that they call their fetuses "embryovs". This illustrates
nicely the problems that are to be encountered when atiempis are made to compare
results with previous fetal work.. Desceriptions of measurements such as C.R.
length are often absent or imprecise and, in particular, often no reference is
made to the actuai fetal age being used by the author, whether it be menstrual

or conceptual age.

‘In whatever way the fetal C.R. length was measured, the Table relating

fetal age to C.R. length presénted by Noback and Robertson (1951) can be compared
"to a similar Table from this study. In Table 12'the C.R. length from Noback and
Robertson {1951) corresponding to a specific fe£31 age can be compared with the
equivalent C.R.E. length from this study for the same fetal age. Clearly there
is a censiderable difference for each fetal age beiween the C,R. length of

Nobaék and Robertson (1951) and the cquivalent C.R.E. length given by this study.
If this difference is carried back to Table 9 which compares the appearance times
for tﬁe vertebral neural erch ossificétion centres between the results of this
study and Noback and Robertson {1951), it becomes apparent that there is no .
difference between the two studies for the ranges of appearance for most of the
neural arch ossification centres. The apparent previous discrepancy has therefore
been explained on anthropometric grounds and not methodological. Unfortunately,
ﬁeither Teissandier (1944) nor O'Rahilly and Meyer {1956} give an indication of

.
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Table 12

Comparison of Differences in C.R. -Length and Age between this study
and Noback and Robertson (1951)

Conceptual Equivalent C.R. length Equivalent C.R.E.
Age in from Noback and length from this
weeks Robertson (1951) study

mm mm

6 12 - 13 -
7 19 - 20 -
8 28 - 30 ) . 215
9 39 - 41 42.5
10 . s1- 53 ' . 58.0
11 ' 64 — 66 | 72.0
’ 12 77 - 79 - 86 .0
13 91 - 93 99.0
14 - 105 - 107 ) 112.0
15 119 - 121 | 125.0
16 132 - 134 | 137.5
17 + 147  149.0
18 + 160 160.5
19 + 11 171.5
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how C.R. length was measured in their studies but it is significant to note

that the ranges for appeagance time for each vertebral neural arch ossification
centre are approximately the same for each cf the four studies. If Teissandier
(1944) measured the equivalent of C.R.E. length for each of his fetuses, then
there does not appear to be any significant differepce in recognition of vertebral
neural arch ossificgtion timés between the methods of alizarin red staining and
radlograohy which is specifically de51gned for this purpose.

In Table 9 it can be seen that the appearance times for the most caudal
vertebfal neural arch osgsification centres have relatively large ranges. It is
felt that these large fanées can explain the differences to be fcund between the
three studies for the appearance times 6f these centres even after allowing for
the different measurements of C.R. length. The appearance times for these
" centres &re.so variable that with a larger study significant extensioné of these
raﬁges might well be found.

Table 10 compares the appearance times for the vertebral centra
ossification centres between the results of this present study, Noback and
Robertson {1951) Teissandier {1944) and Q'Rahilly and Meyer (1956). A similar
~ picture is presented in Table 10 as for Table 9 with no apparentldifference
between the ranges for appeargnce time Qf ihose ossification centres which appear
. over a short period of time, once an allowance has been made for the diffefent
ﬁays in which C.R. length has been measured. The major differences beiween
the four studies concerns those ossification centres which have a large range
for appearance time and it is felt that this in itself is sufficient to explain
these differences because of the large variability inlappearance times.  Again
h;wever, it appears that there is little difference in recognition of ossification
centres between the method of alizarin ?ed staining and radiography which has
been specifically designed for this purpose.

Table 11 compares the appearance times for the ossification centres of
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the‘long bones of the limbs between the results of this study, Noback and:
Robertson {1951) and Mall {2906). Mall.(1906) studied alizarin red stained
fetuses and described the measﬁremeﬁt‘of C.R. length as "sitting height" but in
his diagram to illustrate the meésurement he included a well-flexed fetal head
vhich was certainly not in the Frankfort plane of the C.R.E. length measurement.
Making allowances therefore for the differences between the measurements made

of C.R. length it would again appear that there is little difference to be found
in recognition of the ossification centres between methods where the fetuses
have been stained with alizarin red and methods which use high definition
radiography.

0'Rahilly and Gardner {1972) note that the main sources of data

relating to the first appe#rance of the prenatal 6SSification centres are.based
on studies which have used alizarin red S even though this technique is by no
means specific for £hé demonstration of calcium. They go further and suggest
_that radiography generall& leads to unsatisfactory results owing to the lack of
sufficient radic—opacity although ihe métho& is simpler andlquicker. The results
of Meye; and O'Rahilly (1958) showed that the alizarin techniqué was slightly
superior to the rﬁdiographic method but.they suggest that because bone is a
tissue which has to be defined in histological terms, its critical detection is
necessarily a function of histological technique. Therefore, as anticipated,
their results using histological exﬁmination of serial sections yielded results
superior to the other two methods. In particular they were able to determine
‘which of the cartilage masses had undergone vascular invasion which they used

as the criterion for the approaching onset of endoéhondral ossification. Their
results showed that alizarin and radiography do not demonstrate the onset of
endochondral ossification but rather their first positive reaction coincides
fairly closely with the laying down of the intramembranous periosteal collar.
Therefore, strictly speaking, the alizarin and radiographicél reactions do not

coincide with the initial appearance of centres of ossification as defined by
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Ham (1957). A centre of ossification using the radiographic technique must

be defined as =a change in radiotranslucency within the cartilage mass and it
must be appreciated that this dées not distinguish between endochondral and
intramembranous ossification and might not even distinguish calcified cartilﬁge
from true bLone. . ' ' .

Figures 31, 32 and 33 have a direct application because they can be
used to ﬁssess the maturity of a particuiar fetus. Recognition of the presence
of specific ossificatién centres of both.the ver£ebra1 column and long bones of
the limbs will allow an assessment of fetal conceptual age to be made. Those
osgification éentres vhich appéar only over a very shért beriod of time are
 especially suitable for this purpose because they carry with them a high degree
of accuracy. Once an estimate of fetal agé has been made it can then be
compared with the L.M.P. dates provided by the ﬁoﬁher or with an age based upon
some other parameter and an assessment of fetal prsgress can be made. On a
similar basis Figures 31, 32, and 33 can alsc be used as Normal Standards for
development of the ossification of the vertebral column and limbs and as such

can be used to determine the degree of effect of factors such as ill~health and
putrition which might affect fetal growth.  Furthermore, because the ossification
centres cover the whole of the fetal body an overall assessment of fetal skeletal
maturit& can be made and discrepancies between regions 6f the body can also be
notéd.

The times of appearance for the ossification centres as presented here,

conceal the individual pattern of development. Al£hough Figures 31, 32 and 33
are very useful iﬁ their épplication they fail to reveal in detail thelsequence
of formation for the ossification centres and in this sensé they are only half

of the complete story. The question of whether or not a definite order exists
_in the appearance of the ossification centres must be included and therefore the
times for appearance of the ossification centres must not be divorced from their

pattern of development.
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SUMMARY

The range for times of appearance for the ossification centres of the
vertebral column and long bones of the limbs are presented in Table and
graphic form. |

These Normal Standards of Ffetal skeletal development can be used to assess
fetal development in both normal and abnermal situations, and they are
particularly suitable because they cover the whole body of the fetus.

There does not appear to be any siénificant difference in recognition of

the appearance of the ossification centres between radiography that has

been specifically designed for this purpose, radiography following silver-
staining, and alizarin re@ S staining. Previous differences that have been
reported.in the literature can be attributed to either "poor" radiography
(bearing in mind the advances in technology that have been made) or

differences in the method of measuring C.R. length.
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THE SEQUENCE OF DEVELOPMENT OF THE OSSIFICATICN CENTRES.

By noting_particularl& fhose.fetuses in whom only a few'ossification
centres were present, it was possible to construct a developmental pattern for
ossification éentres in both the wvertebral column and long bones of the limbs.

The fetuses were initially arranged in chronologicai order and in
order of size but no pattern of ossification is evident by this means. It was
thereforé decided to arrange the fetuses in order of the number of centres present
and the results of this can be seen in Tables 13, 14, 15 and 16. In.this way
a developmental pattern emerges.

From Table 13 it can be seen.that whilst there is no exact battern
for the appearance of neural arch ossification centres, in general, a group of
cenfres first appears in the lower cervical/upper thoracic region and this is
rapidly followed by‘a.second group in the upper ce;vical region. The remaining
cervical neural arches then quickly ossify and the sequence spreads towards the
' mid-thoracic region. A third group of centres appears in the lower thoracic/
| upper lumbar region and ossification spreads upwards tq meet centres from the
thoracic region which are themselves exlending caudally. The lower lumbar and

sacral ;egions develop rather more slowly and in an orderly sequence, the 5th
sacrallarch being the last centre td appear. ,

In the study there were 37 fetuses smaller than 51.0 mm C.R.E.
length and 8 fetuges greater than 51.0 mm C.R.E. length in whom there were no
_ossification centres present for the vertebral neural arches.

These results support the suggestion of Noback and Robertson (1951)
that there does not appear to be any regular order for the appearance of the
9 most prowimal neural arches. Although some authors (Mall, 1906; Noback, 1544)
elain to have demonstirated that there is a definite cephalocaudal seguence Qf
differentiation for the thoracic, lumbar, and sacral neural.arches, Teissandier

(1944) observed that in three fetuses where all cervical and upper one or two
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Table 15 Appearance of the vertebral ossification centres.

centrum ossification centre
neural arch ossification
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Study No -
of Fetus 193 207 179 177 180 276 265 189 191 188

C.R.E. mm . _

Length 29.0 39.0 33.5 36.0 37.5 37.0 38.0 32,0 32.5 35.5
Humerus X X X X X X X X X X
Radius X X X %X X X X X X
" Ulna ¥ X X %X X X X X 'x
Femur X X X X X X X X X
Tibia : X X X X X X X X
Figula' . X X X
Table 16

Appearance of Ossification Centres in Long Bones of the Limbs.
Arranged in order of Number of Centres Present

=192 =



thoracic arches were ossified, thoracic arches 3 or 4 down {0 8 or 9 were in

fact absent, but in thg same fetuses the'tﬁoracic arches 9 or 10 down to lumbar
grches 1 or 4 were present. PFrom his obéervations,Teissandier (1944) concluded
“that cervical arches 2 and 7, theracic arches 1 and 12, and lumbar arch } are the
first arches to ossify. Noback and Robertson (1951) foﬁnd two excepti;ns to the
orderly cephdlocaudal appearance of the thoracic, lumbar, and sacral neural

arches but these did not accord fully wifh the sequence suggested by Teissandier
(1944). 1In one case the arches of thoracic vertebrae 6 to 8 had not ossified
whilst the rest of the centres from cervical arch 1 to thoracic arch 10 were
presént. In the other case, the_centres‘for thoracic arches 9 to 12 were absent
while the other centres from cervical arch 1 to lumbar arch 1 were present, From
their. observation they concluded that a sequence similar to that suggested by
Teissandier may cccur but felt that the small number of fetuées in their study
;ould not justify aﬁy firm conclusion.

The results of thié study from a total of 35 fetuses in whom not all of
the neural arches proximal to lumbar arch 2 had appeared, support the conclusion
of Teissandier (1944) and suggeét that the sequence of neural arch ogsification
spreads from twe basic regions, namely the cervical and lower thoracic/upper
lumbar regions. Furthermore it is evident that the suggestion of Noback and
Robertson (1951) that there is no regular sequence for appearance of the 9 most
cephalic neural arches, can now be extended to include all the thoracic and
upper lumbar regions.

These conclusions are contrary to current textibook descriptions of
vertebrdl neural arch ossification development. Current textbooks suggest
that the neural arch centres first aépear in the upper cervical vertebrae
followed by centres in successively lower vertebrae (Warwick and Williams, 1973;
Barson, 1974}. These published descriptions are based on studies of only small

nuinbers of fetuses and the results of this study show that they are inaccurate
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and require revision.

In contrast fo the findings for the vertebral neural arch ossification
centres, the results shown in Table 14 do .substantiate the view put forward by
current textboolks that the‘vertebral cgntra ossificétion centres first appear
in the lower thoracic/upper lumbar region (Warwick and Williams 1973; Barson, 1974).
No single vertebrae could be identified as the starting point for ossification.
Instead, several centres were seen to form a specific groﬁp involved in the
earliest stages of ossification and these were always located in the lower thoracic

and upper lumbar region. .In one case (No.277) only 3 centra were observed;

Tll’ le, and Ll' Ig five other cages 4 centra only were observed; No.l3, Tll’
le, Ll’ L2; No.l1, TlO’ Tll’ T12, L;s No.41, Tlo’ Tll’ le, Ll; No.66 Tll’
~T12, Ll’ L2; No.467, TlO’ Tll’ le, Ll- Three centra therefore, were found fo

" be common to ﬁil such fetuses and these were thoracic 11 and 12 and lumbar 1.
These three vertebrae not only ossify at the same time but are the first to do so.
The results also confirm that ossification then spreads in both cephalic and
caudal directions, procceding more rapidly in the cephalic than in the caudal
direction, until.all,the centra are ossified. Withinla period of a few weeks all
‘the centra from cervical 3 to sacral 3 are present whilst there is some delay
before cervical centrum 2 and sacral centrum 4 are formed, followed closely by
cervical centrum 1 end sacral centrum 5. These results coﬁpare very well with
previous reports and there appears to be no disagreement concerning where centra
first appear and in vhich directions ossification spreads, although Noback and
‘Robertson (1951) have reported 7 specimens with 5 centra present and have suggested
that centra for thoracic vertebrae 10, 11, and 12 together with lumbar centrum
1 are the first to appear.

Table 15 emphasises that oésification c;ntres for the neural arches
and the centra develop independently with no definite correlation between the

patterns of ossification for the two groups of centres. Furthermore Table 15
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illustrates that neither centra nor neural. arches can be said to develop first,
with only 6 fetuseg having eitpéf only neural arch ossification centres or only |
centra ossification centres present. This number is far too small to reach any
firm conclusioﬁ,'although Barson (1974) reports that the neural arches are normally
the first centres to ossify.

Table 8 and Figure 33 show very clearly that the primary ossification
centres for the long bones of the iimbs appear over a very short period of time.
In cross-sectional studiés, which are the only_kind svailable for fetal work,
situations such as this present particular prob}emg because the probability of
" obtaining material which can separate such short periods of time inteé meéﬁingful
intervals is very low. This is shown in Table 16 where out of 727 fetuses only
7 fetuées were found in whom notjall of the primary ossification centres for the

long bones of £he limbs h;d yet éppeared.A Such sméll nuﬁbefs male it very
difficult to determine whether or not 5 pattern of ossificatioﬁ exists particularly
"when, as in this case, 5 of fhe 7 fetuses have 5 of the- centres present. Close
" observations ﬁsing a_longitudinal study by, for example, ultrasound, would allow
the ﬁccurate determination of whether or not a paftern of ossification exists,
but unfértunately at present no such data are available. Thié situ#tion also
applies to.any group of centres which appear over & very short period of time,
such as the first group of ossification centres for the'vertebral centra.

Table 16 shows that there is no regular pattern as a whole for the

appearance of ithe primary ossification centres for the long bones of the limbs.
>Howevgr it would appear that the centre for the huﬁerus. is the first to appear
;nd the centre for the fibula is the last, but there does not appear to be any
regular sequence for the centres for the radius, ulna, femur, or tibia, Noback
and Robertson (1951) were more precise in their description of this sequence and
stated that in the upper extremity the sequence is.l)Humergs 2) Radius, and

3) Ulna whilst in the lower extremity the sequence is 1) Femur, 2) Tibia and

3} Fibula. The results of this present study are too few to either confirm or
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deny this sequence except to recognise that the centre for the humerus

is certainly the first to appear, whilst that for the fibula is the last with
possibly the centre for the femur developing before that for the radius.
However, it is also interesting to note that the results presented by Noback
and Robertson (1951} whilst agreeing with the results of this present study do
'not substantiafe the sequence they themselves present. The findings of more
fetuses in whom not all of the primary ossification centres for the long bones
of the limbs are yet preéent would help to clarify the situation.

The absence of one member of a bilateral.pair of ossification centres
has been reported occasionally and Noback and Robertson (1951) give a very
detailed account of these reportg which include all regions of the body. The
paired vertebral neural arch ossification centres and the bilateral ?rimary
ossific&tion Eentres for the long bones of the limbs are potentidl sites for
such discrepancies. In the present study no unilateral primary ossification
centres_wefé present in therlong bonesg of thg limbs and no other cases have
been reported_in the literature, although there have been reports of absence on
one side only in neonatal life of the secondary ossification centres for the
hea& of the humerus and the distal femorai epiphysis (Meneés and Hoily, 1932).
The short period of time over which the primary centres of ossification for the
long bones of the limbs appear, might camouflage.such a situation however and it
is conceivable that one of the pair of centres could appear slightly in advance
of the other. |

Table 13 shows that the absence of one of & pair of vertebral neural
arch ossification centres is not,ﬁncoﬁmon and this is supported by other reports
in the literature (Noback and Robertscn, 1951). However, it was faund that
the absence of_aﬁ ossification centre was alwayé in a region that was undergoing
Aossification and were in fetuses whose ages were such that the centre would

normaily appear. Although there is no direct evidence available, this indirect
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evidence suggests that the absent centre would have appeared if the fetus had
survived longer.

In addition to situations where a vertebral neural _arch ossification
centre was actﬁally absent, occasionazlly two paired centres appeared to be at
different stages of ossification. This discrepancy was noticeable by differences
in both size and radio-opacity but was again confined to centres that had
apparently only recently undergone ossification. At present an accurate
assessment of this difference is impossible because there are no standards availabl
for stages in skeletal maturity for either the -vertebral neural arch ossification
centres or the primary ossification centres of the long bones of the limbs,
although Birkbeck (1976) has recently published standards for the humerus and
stated that stages for the other long bones have been completed. The
determination of stages of skeletél ossification féf the ver£ebral column is
being undertaken at present (Jones, Ward, Bagnall, and Harris, 1976). It
is anticipated that vhen these stages are completed they will be sufficiently
sensitive to assess the degree of asymmetrical skelelal development, if such a
situation exists. . Certainly in.the vertebral neural arch ossification centres
there aﬁfears to be an occasional discfepancy early on in development although
this might be lost later on.

Table 15 shows that the regular, longitudinal, sequential development
of the veriebral neural arch and centra ossification centres‘is occasionally
broken with a rogue centre developing apparently out of order. (No.34, No.22).
These centres were again found to be confined to regions whicﬁ were in the initial
stages of ossification and were in fetuses whose ages suggested that the absent
centres migh£ we)ll have developed had the fetus survived longer.

The overall impression given by Table 15 is that the individual
vertebrae are atidifferent stages in te;ms of skelefal maturity and even within the

individual vertebrae the state of maturiiy of the centra could well be out of
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phase with thay of the corresppnding néurél arches. Without the availability

of standards representative of skeletal maturity for the vertebrél column,
assessment of the situation is not possiblé. It might be that individual
vertebrae mature at different stages of development at different times. Because
of this any short term factor, such as an illness, which affects osgification

in particular, could affect different.regions of the veftebral column in different

ways and have consequent drastic results.

Although descriptions of the sequence of appearance of ossification
.centreé in the vertebral columm are well documented thefe has been little, if any,
consideration of POSSjblé explan#tion for the patférn of oséification or its
variaﬁidns. Pyle and Sontag (1943} described the variatioﬁs in the time of
’ appearance.of ossification éentres in the epiphyses and short bones of the
extremities ;nd Caffey (;973) described similar variations in patients with
cerfain metabolic disorders. P?yor (1939) suggested that this variability is
due to éenetic facfors whilst Noback, Barnett, and Kupperman (1949) felt that
endocrine secretions played a large part. Todd (1939) and Francis (1939) found
evidence to suggest that the state of health of a person affected the appearance
of the ossification centres.and Francis (1940) believed that nutritional status
might also ﬁakﬂ a significant contributiom.

Pyle and Somtag (1943) found that ossification centres which appear
postnatally do so earlier in the female than in the male and this forms the
basis for the separate sels of standards for males and females in both the
Greulich and Pyle Skeletal Maturity System (1959) and the TW2 method of Tanner,
Vhitehouse, Marshall, Healy, and Goldstein {1975). In the present study most of
the ossification centres that were being studied had appeared by the time it was

possible to determine the sex of the fetus by observations.made on the external
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genitalia (Hamiltor and Mossman, 1972). Therefore, although attempts were
made to assess whether the ossification centres appeared earlier in the female
than in the male, the lack of available centres upon which to base any firm
decision made the results inconclusive;

i Many of these factors, and more, will undoubtedly affect fetal .
ossification to varying degrees. The situation is complicated by the presence
of the plaéental barrier which directly affects the fetal environment and which
might make observations which were made postnatally, invalid to the antenatal
-situation. Nevertheless there are many factors which will affect fetal
ossification ‘and they form the subject of much researth in a great many
laboratories. However, there ig evidence in this study which suggests that the .
mechanical action of muscles may have an important influence on the progress of
_ossificgtion. |

.Such an association is strongly supperted in this‘study by the
observ&ﬁioﬁ.that the statés.of ossification of the superior nuchal line and
the squamous occiput are re;atively.advanced and well synchronised with that of
the.neural arches in the cervical and upper thoracic regions together with
associated musculature even at relatively early stages. (Figures 34 aﬁd 35}).
The state of ossification in the arches appcars 1o be particularly advanced
when compared with that in the centra. This pattern of ossification in these
particular region§ could provide firm anchorage for the muscles controlling
extension of the head and also movements of the pectbral girdle and upper limbs.
From his studies of freshly aborted fetuses, Windle.(1971) concluded that these
.movements are amongst the first that'fhe fetus is capable of performing in a
co—ordinated manner and supports his findings by relating them to tﬁe most
fundamental refléx, tﬁe "gasp" reflex, into which these movements will later
become incorporated. Gesell (1945) gives an illuétrated acecount of these

!
movementsin a 6 week old freshly aborted fetus. The results from the
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Figure 34. A lateral radiograph of a fetus of conceptual age
0.190 yr. (10 weeks)

Figure 35. A lateral radiograph of a fetus of conceptual age
0.250 yr. (13 weeks)
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investigation of fetal movements in this study are unable to confirm or deny
vhether the movements so clearly described by Gesell (1945) and Windle (1971)
are so well co-ordinated in utero, but tﬁey:do confirm that the fetal head and
upper limbs do move indepéndently from as early as 6 weeks conceptual age.
Attention is drawn, therefore, to the close similarity in terms of development
between the areas of attachment for the muscles which cause such movements.

Regarding movements of the fetal head it is also of interest to
note that the occipital ;amdyles appear to develop in harmony with the squamous
occiput and cervical neural arches (See Figures 34 and 35). Any flexion and
extension movements of the fetal head will hinge upon the occipitai candyles which
migt be sufficiently rigid for the proposed head movement té take place. Along
gimilar lines it is also of intgrest to note in Figures-34 and 35, that the
neural arches for the second cervical verteﬁra (the axié) are particularly Qell
developed. Any movements that involve lateral rotation of the head will use
this vertesra as a pivot.and a preréquisite for such movements must surely be a -
firm base upon which to work. | -

| A simiiar case can be'advanced'copcerning ossification in the more
distal vertebrae of the lower thoracic.aﬁd nppér lumbar regions. These vertebrae
give attachment to the developing flexors of the thigh and as Gesell (1945) and
this study have shown,'flexion of the hip :is one of the firs% movements
performed by the fetus. It is interesting to relate this muscular attachment to -
the appearance of both the vertebral neural arch andlcentra ossification centres
_in this region.

The results of the investigation of fetal movéments in utero, showed
that the fetal limbs move independeﬁtly from as early as 6 weeks conceptual age.
In this association between fetal‘movements ana ossification sequence, it is
therefore interesting to note that the primary ossifica£ion centres for the long
bones of the limbs are ;mongst the first centres to appear and these bones will

provide attachment for the muscles which produce these movements, Very little
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.distinction was made between the appearmice times for these ossification centres
”ﬂnd similarly no distinction has been found in terms of related movements.

Many facts point towards an association betweeﬁ fetal movemeﬁts and
fetal ossificatiog but the subject requires a closer examination than this study
is able to afford. At.present the agsociation is based primarily on specific
movements observed on aborted fetuses although in a general sense they have
been confirmed by ultrasound as being performed in utero. Nevertheless only
vhen a more detailed analyéis hﬁs been carried dut of specific fet;I movements
in utero will the trueé relationship between fetal movements and fetil ossification
be revealed. Furthermore this study has restricted its observations to the
regions of the vertebral colunn and the limbs and there are other facﬁs in other
areas of_the body which add weight to-the associatio; and vhich would need to
be included in éuch an_invéstiggtion. For éxamﬁle in Figure 34 the angle of
the mandibie is virtdally absent and yef in Fiéure 35 it is a pfominent feature
bf the lower.jaw. It would‘bé interesting to relate this development to the
movements in the oral region described by Humphrey (1970). It wpuld alsoc be
interesting to relate the ossificatioen df the ribs which would appear to commence
virtuallé en masse apart frsm the 12th (0'Rahilly and Meyer, 1956), ta the
fetal bredhing movem?nts described by Boddy and Mantell (1973), Boddy and Dawes
‘ {(1975) and others. Wiﬁh'all these movements there appears to be & close
relationship between their onset and the commencement of ossification of £he
bones that would provide anchorage‘for the muscles th;f producé'such movements.
| Theﬂassog;étiggqrequires fu:ther investigatiﬁﬁ because it does not
appear to be a simple cause and effect relationship with several factors
confusing the issue. The major faétor which disturbs the arrangement concerns
the time lag between the onset of the fetal movemenits and the associated
ogsification. In this study the ultrasound experiments showgd that the fetus:

moves its arms, legs, trunk, and head in utero at 0.115 yr. (6 weeks conceptual

age) and yet the ossification of the fetal limbs and vertebral column only
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commences at 0.179 yr. k? weeks conceptual age.) If the association is valid,
the forces produced by the muscies caﬁsing the movements must act primarily on

the cartilaginous skeletal model with the ossification being a secondary effect.
Any investigation therefore must initially concentrate on the effects of mechanical
force on the ca;tilaginous skeleton. o . | .

Aﬁother factor which confuses the issue is that the attachment of the

muscle tha£ produces the movement is sometimes removed from what would be the
resul tant ossification céntre and this is'particularly_so concerning the vertebral
ceptra ossification centres which appear at the centre of their cartilaginous mass
whilst the attached muscles remain on the surface. waever, the precise

- attachments of fetal muscles and the determination of their functional capacity
have yet to be made and it cpuld well be that there is a very different arrangement
in fetal.life both of muscle attachments and sources of fetal movément as compa?ed
with the adult. In addition it might be necessary to make a distinction between
endochondrai; periosteal, and inframembranous ossification in terms of their
association to fetal movements, with periosteal ossification being the most likely
candidate to be affected by movements because of its close association to the
relevant muscles.

Phylogenetically, it might be expected that the axial musculature

would be amongst the fifst to become Punctional. If there was a simple
relationship between fetal movements and ossification‘it might therefore be
expected that o;sification of the vertebral column woﬁld be amongst the first to
commence but it actually commences 1aﬁer than that fér the limbs, Studies of
specific fetal movements will clarify Qhether or not ;xial movements occur béfore
limb movements but nevertheless, it is an intriguing question and confuses the
picture that‘cnn be buiit up to relate fetal movements to fetal ossificatioﬁ.

. The association between fetal movements and fetal ossification necessarily

|
involves Wolff's Law of Transformation (1892). This law which deals wiih the
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response of bone to mechanical forces, has been studied from many aspects and

it has become generglly accepteq-that the pull of muscles has a significant
influence on the morphelogy of developing bones. Boge-responds to extrinsic

forces which se?ve to augment intrinsic or genetic factors acting within the bone
itself or the periosteum (Hoyte and Enlow, 1966). Regarding the fetus, Fell (1956)
believes that whilst the gross lines of development are determined by

evolutionary and genetic factors, there is a degree of flexibility peculiar to

each individual by which adjustments are made to unpredictable and fluctuating
environments including mechanical stresses.

Although the mechanism by vhich mechanical stress influences
ossification is not completely understood, it is known that in bone mechanical.'
energy is converted into an electrical signal (Piezo-electrical force) and
alterations in éhe electriéal envi?onment of mesencﬁ&mal cell; do have an important
influence ‘on their mitotic- and functional activity. Bassett (1971) suggesis that not
only bone but a whole spectrum of conmective. tissues including tendon, ligaments,
fascie, cartilage, and arteries reflect the effects of dynamic physical forces.
Thus mechanical stimuli in the form of muscular contrazcticns may contrQl osteoblast
and osteoélast activity and in this way might directly influence the sequence of.
ossification in the vértebral column and limbs in particular.

The origin of mechanical stresses in the fetus which will affect
ossification are not restricted to those produced by muscle contractions. The
cardiovascular system is an alternative source with bone bcing.deformed
continually by both the ballistic shock of cardiac recoil transmitted through the
skeleton and the pulsetile deforming force associated with the systolic surge of
blood. Gravity too will directly distort the skeleton although .its effect will
be diminished in fetal life because of the aquatic environment.. Firm coutact
with ;he environment would also introduce mechanical stresses but again its effect
could be limited in fetal life because of the cushioning action of the uferine

walls. Finally, ihe growing fetus could generate mechanical stresses within
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itself, particularly within the cartilaginous skeleton, in the form of
compressional forces produced by the @ultiplication and enlargement of

developing cells. All of ithese forces are in addition to those produced by

the contractions of muscles and would help to explain those situatiqps in which
ossification proceeds in the apparent absence of muscular force. Aétive .
fetal movements however, appear to be important for the proper development of
fetal boneé $ecause in cases of amyotrophia congenita in which the fetus has only
ru@imentary muscles theré is only a very slender bone structure similar to that
found in victims of paralytic poliomyelitis (Liley, 1972).

Therefore, there appears to be an association between fetal movements
- and fetal ogssification although the association is no£ a simple one and is affected
by several other factors. It is suggested that movements of the fetus influence
the app;arance and subsequent development of the primafy ossification centres aﬁd
with its variability of affective factors, such an explanation would not only
account.for.¥e1atively randoﬁ patterns, but also groupings of centres of
ossification developing in harmony.

For further work, there are obvious comparisons to be made with other
gnimals. It is in?eresting to note that Strong (1925) found a similar-sequence
for appearance of vertebral ossification centres in the albino rat and Johnson
(1933) found a similar sequence for thé albino mouse . On the other hand, Hodges
(1953) in = study‘of ossifiéation in the fetal pig found that ogsification of the
vertebral bodiés proceeds from at least two and possibly three loci Qith the

first locus being at T the second locus being in the upper thoracic region,

12*

and the third loéus, which lagged behind the others,hbeing found at Cz; He
found also that the vertebral arches began in two loci with the first being at

T6 or T7 and the second commencing at Cl or 02. It would be interesting to

relate these differing patterns for appearance of the vertebral ossification

'
'

centres to the corresponding patterns of fetal movement.

- 205 -



SUMMARY
Assuming that ossification cenires for the neurel arches and centra of
vertebrae appeaer in a strict numerical sequence and not as a simulianeously

arlslng group ‘hen' .

e - . e — e —

b 7T
4]

ib

The seguence for appearance of the vertebral neural arch ogssification centres
vas found to be different to that described in current anatomical textboois.
A group sf centres first appears in the lower cervical/upper thoracic region
and is rapidly followed by a second group in the upper cervical region. The
remaining cervical neural arches then quickly ossify and the sequence spreads
taﬁards the mid-thoracic region. A third group of centres appears in the
lower khoracic/upper lumbar ?egion and ossification spreads upwards to meet
centres from the thoracic region which are éhemselves extending caudally.
The lower lumbar and sacral regions develop rather more slowly and in an
orderly sequence; the 5th sacral arch being the last centre to appear.

Thé vertebral centra ossification centres first appear in the loqef thoracic/
upper lumbar.region and thén spread in both cephalic aﬁd caudal direciions.
The appearance of the primary ossification centres for the long bones of the
limbs commences vith the humerus and finishes with the fibula but no pattern.
could be determined for the remaining centres hecause they appear 6ve§ such a
short period. of time. |

The vertebrae develop independentlj of each other. In terms of ossification
each vertebra is at a different stage of-development and there is disérepancy
between the centrum and neural arches even within a single vertebra. The
introduction of any factor which ;ffects growth aﬁd development will therefore
affect different vertebrae in different ways and even parts of the same
vertebra in different way;.‘ It is suggested that this could have relevance
in illnesses such as scoliosis. . |

Fetal movements are suggested as béing one of the major factors affecting

the direction and progress of fetal ossificatioﬁ through the action of piezo-

electrical forces.
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Part-of‘this work on the sequence for appearance of the

ossification centres has already been accepted for publication:

"Bagnall, K.M., Harris, ¥Y.F., and Jones, P.R.M., 1976.

A radiographic study of the human fetal épine:

2. The sequence of development of ossification centres in
_the vertebrai colur11n."|

J. Anat. - In Press.
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THE SPINAL CURVATURES

The lateral radiographs taken of each of the 195 Nottingham fetuses
were inspected carefully to determine the presence or absence of each of the four
spinal curv#tures. The assessment was made by_d;awing a straight line between
the centres of the mést cephalic and most cauaal-vertebral centra ossgification
centres for the region and observing the displacement of the intervening centres
abouf this line. Where there were insufficient vertebral centra ossification

centres present to make a decision, the correspomding vertebral neural arch

-

ossification centres were used. The results can be seen in Table 17.

The Cervical Curvature.

?he results in Table 17 show that no decision as to the absence or
presenée of the cervical cﬁrvature could be made on 39 of the total 195 fetuses.
Of the remaining 156 fetuses a well-defined secondary cerviéal curvature was

present in 130 fetuses (83%), in 1é.fetuses (11%) the cervical spine was straight‘
and in 8 fetuses (6%} the cervical spine appearéd to be merely a continuation |
of the primary curvature present in the thoracic region.
| Since the position of the head might affect the degree of cervical

curvature, lateral radiographs were taken of & single fetus with the head placed
in various degrees of extension orlflexion (Figure 36} and a2 note vas made of
‘the degree of flexion of the head in each of the radiographs. Of the 18 fetuses
who had a straight cervical spine, the majority were.élassified as having a
marked degree of flexion of the head and al} of the fetuses in whom the cervical
spine appeared to bo merely a.continuation of the primary curvature also posse;sed
. ; marked degree of flexion of the head. .Combining this with the illustrations

in Figure 36 if appears that, as gftef birth, the degree of flexion of the head
directly affects the degree of curvature in the cer#ical spine. If the fetal
head is upright the éurv&ture is more pronounced than when the head is flexed

onto the chest, but even in this flexed position the curvature is readily apparent
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Table 17

Number of Fetuses Showing the Spinal Curves

Spinal Straight Concave Cdnvex No Centres
Segment Anteriorly Anteriorly To Make

' Decision
Cervical 18 8 130 39
Thoracic 4 154 0 37
Lumbar 1 150 2 42
- Sacral 0 113 0 . 82

- 209 -



Figure 36. Lateral radiographs of a single fetus with
the head placed in various degrees of extenfion
or flexion. Note the cervical curvature.
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Figure 37 illustrates the development of the cervical curvature
and, in particular, the relative effects of the position of the head. It
also shows that the curvature can be clearly recognised as sooﬁ as ossification
centres for the cervical spine become radio-opaque and that a well-defined
"secondary" curvature can be demonstrated froﬁ'a vefy early conceptual age,
namely 0.184 yr. (9% weeks). It must be emphasised however, that, as after
birth, the degree of head flexion must be taken into account when interpreting
the curvature in the human fétal spine. These findings are in éomplete
disagreement wi£h‘the statements of standard anatomical textbooks,

In almost all textbook descriptions of the &eveloping spine in the
human fetus considerable emphasis is made of thg esgentially flexed position of
the fetus, with the developing spine beiné describ;d as having only one primary
curvature. After birtﬁ when‘the young child begihs to raiSe its head and to
sit up a secondary curvature is said to develop in the cefvicél region. A
typicél description for the development of the cervical curvature is:

"The cervical curve appears late in intra-uterine life and is
‘accentuated when the.child is able to hold up its head (at three or four
months), and to sit uﬁright (about nine momths)" |

(Gray's Anatomy — Warwiclk and Williams, 1973).

In fact this is the only description found in the literature which
even aclknowledges that the secondary cervical cur?atqre may develop before birth.
In most accounts, the secondary curve is said to appear only'as a. postnatal event.

That the secondary cervical curvature may become particularly evident
when the baby begins to hold up its i’lea.d after birth is not disputed. This
study indicates, however, that the curvature is present at a much earlier stage
in development than is normally accepted and it is possible that it might
develop even earlier than the 0.184 yr (9% weeks) found. . It may, in fact, be

present soon after the embryo first acquires a neck and begins to uncurl.
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"Figure 37.

The development of the cervical
curvature during fetal life. For
each stage two fetuses have been
selected, one with the head straight
and one with the head flexed, to
indicate that the cervical curvature

is decreased by this action but is
not lost.
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From Figure 37, it can be seen thaf ogsification in the occipital bone
is well developed at an early age and appears to develop in harmony with the
vertebral neural arch ossificati;n centres in the lower cervical/upper thoracic
regions. These two regions would provide anchorage for the muscles‘iqvolved with
head movements and it is suggested that the early dévelopment of the "secondary'
cervical curvaturé may be related to these movements.

The results of the investigations using ultrasound of fetal movements
~in utero have established-tﬁatihe.limbs, head end trunk of the fetus are all

capable of movement at 0.115 yr. (6 weeks) conceptual age and they confirm the
results of Windle and Fitzgerald (1937} on the reflex pctivities of freshly
aborted fetuses. Gross movements of.the fetus have beenlobserved long before
the mother herself has detected them {Campbell, 1975;-Higginbottom et.al., 1976)
because the.movementa are felt fy_the mother only when théy are sufficiently
strong to stimulate the abdomiral wall (Liley, 1972}, and Robinson (1973)
observes that they may be so infense,at an early age that they interfere with
attempts to measure the fetus u;ing ultrasound.

Respiratory movements are also an important . group of spontaneous
fétal msvements which may be directly related.to the development of the seéondary
curvature in the cervieal spine. Many studies have been made of such movements
and those concerning the human fetus have utilised ultrasound which raises the
possibility of ultrasound stimulating the movements (Boddy and Dawes, 1975).
However, similar rhythmical respiratory movements havé been demonstrated by
ﬁﬂrahadmgl and ammiotic pressure recordings from longsthnding indwelling
catheters in feial lambs in utero. In p;fticular, there was no obvious
correlation with fetalcarotid blood gas levels and this raises interesting
questions concerning-the source of stimulation (Dawes, Fox, Leduc, Liggins, uﬁd
Richards,‘1970). Nevertheless, although the chest movements reported at 9 weeks

conceptual age (Boddy and Daws, 1975) may be accentuated by ultrasound,
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they certainly do occur without such stimulation. Dawes et.al., (1970),
obgerve that these fespiratory movements correlate well with the ability of the
respiratory muscles to maintain prolonged hyperpnoea after birth and Windle
(1971) suggests that reépiration.is one of the most vital mechanisms necessary
for survival at birth. It therefore seems logical that the movements necessary
for breathing should develop very early and it is interesting to note that the.
IfirstAreflex to be observed at 63 weeks ié the "gasp" réflex, two important

components of which arm head extension and forelimb flexion. This is directly

releyant to the findings in the present study. The early development of the
secondary cervical curvature can be correlated with_early ossification in the
occipital bone which provides anchorage for the extensor nﬁchal muscles. Windié
(1971) aiso notes that the gasp reflex in the feﬁus is the most resistant of all
:eflexes_ta.asphyxia and whereas most of the fetal refiexes succumb éuickly

aftef placental separation, gasping or, in early fe£uses, tﬁe neck movcments
incorporated later into gasping, disappears last of ali.' This suggests that
movements of the fetal head are particularl& well devgloped. -

Lilei (1972) has shown that the fetus in its liquid environment is
capable of movements far in excess of those occurring under the damping effect
of gravity. There is, therefore, the strongest possibility that e considerable
amount of head movement occurs in the fetus.during intrauterine life, some of
this movement being related to the early deveiopment of certain respiratory
reflexes. Thus although.the secondary cervical cu¥vature may become
accentuated after birth when the baby begihs to raise its head, it is by a
* similar mechanism of muscular effort that the secondary cervical curvature can
be shown to develep in the very yoﬁng fetus.

Figure 38 shows a sagitéal section of a fetus in utero and was obtained
using compound B—scan ultrasound equipment. The vert;bral canal can be clearly

scen and a secondary cervical curvature is readily recognizable. In this
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particular case, there was an excess gmount of fluid within the amniotic sac
and this allowed the fetus to-bave_relatively more room in which to move. The
clearly marked se;ondary cervical curvature has theréfore beep produced by
acfive moveméntg of the fetus and confirms the radiographic findings of this

study.

The Thoraciec Curvature
Table 17‘shows that in’37 of the feﬁuses'nc decision could be made
a3 to the abgence or presence of a thoracic curvature. 0f the remainder,
154 (97.5%) possessed a primary curvature a;d only 4 fetuses (2.5%) possessed
no cufvaéure.in this region. Again it was found that the curvature was affected
by the degree of flekion of the fetal body and this is similar to after birth.
| These findings.support thé descriptions of standard anatomical

textbooks concerning the development of the primary thoracic curvature and

illustration of its development is shown in Figure 37.

The Lumbar Curvature.

Teble 17 shows that no decision could_be made about the presence or
absence of a lumbar curvature in 42 fetuses. Of the remainder 150 (98%)
possess a primary curvature which vas merely an extension of the thoracic
curvature, 1 {0,7%) possessed a straight 1umbay spine, and 2 fetuses (1.4%)
possessed secondary curvatures which were in the opposite direction to that of
the thoracic region, élthough these were not particularly well-defined.

These results suggest that the normal development of the secondary
lumbar curvature is truly a postnatal event and occurs, as most te;tbooks state,

when the baby starts to stand and walk. In its aquatic environment in utero

the fetus does not require the mechanical rearrangements necessary for efficient
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movement to take pluce after birth and so the curvature develops as a primary

one. It is conceivable, however; that in an extraordinary situation the movements
performed by the fetus in utero could cause the shift in centre of gravity to take
place early and in this way a secondary lumbar curvature could develop in utero.
Such reasoning might explain the two cases in which a secondary lumbar curvaturas
was found to be present in antenatal life. (See figure 39). It must be
emphasised however that the normal curvature to develop in utero in the Iumbar

region is & primary one as a continuation of the thoracic curvature.

The Sacral Curvature.

Table 17 shows‘that in 82 fetuses no decision could be mﬁde as to the
Presence or ﬁssence of a gacral curvature. This high figure reflects the long
time it takes for the vertebral sacral ossification centres to develop and appear
on radiographs. On the cther hand e primary curvature was observed in all
those fetuses in whom there.were sufficient centres present to make a decision.
This curvature ﬁherefore is present from:thg time when sufficient ossifica%ion
" centres can be seen but its degree of curvature is often only very slight being
little more than a straight line. (See figure 37). Furthermore, although the
cﬁrvature is a primary one, it is not merely a continuation of the thoracic
primary curvature, with the development of the sacral promontary being particularly

evident (See Figure 37.).
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Figure 38.

Figure

39.

A photograph of an ultrasound B-scan picture taken
of a fetus in utero which clearly shows a secondary

cervical curvature.

a fetus which sho

radiograph of
the vertebral column.

A lateral

lumbar curvature of



2.

SUMMARY

The secondary cervical curvature was shown to be present at a very
early age (0.184 yr.). It is present from the time sufficient
ossification centres are visible for a decision to be made but its

degree of curvature, as after birth, is dependent upon the.degree of

.£lexion of the head. Its development has been related to movements

of the fetal head in utero. These findings are contrary to

descriptions  in current anatomical textbooks.

Thoracic, lumbar and sacral curvatures also develop in fetal life

" and all are present from the time when they can be redOgnized. They

all ‘develop in utero as primary curvatures and the secondary lumbar

curvature does not normally develop until postnatél life.
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lPart of this work on spinal curvatures has already
beeﬁ'accepted for publication.

"Bagnall, K.M., Harris, P.F., and Jones, P.R.M. 1976.
A radiographic study of the human fetal spine.

1. The development of the secondary cervical curvature.

J.snat. In Press".-.
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THE DEVELOPMiNT OF THE PRIMARY OSSIFICATION CENTRES FOR THE

. LONG BONES OF THE LIMBS.

The data collected from the measuring of the longitudinal lengths

of the primary ossification centres of the long bones of the limbs were subjected

to polynomial regression analysis using computer programmes {See Appendix B).
Equations up to and including the power of 3 were attempted and as each
successive term wﬁs added the comsequent reduction in sum of squares was tested
against the mean square remaining. In this way the powers of the selected
eqhations for each of the 12 leng bones of the limbs were determined by the
significance or non—significance at the 5% level of the corresponding F-values.
The results éf this procedure can be seen in Table 18 and in Figure 40 the
equations are represented graphically for comparitive purposes.

Figure 40 shows that the general growth curves for each of the 12
ossified shafts of the long bones sf the limbs are similar, being represented
by a gr#dually diminishing slope. This similarity in shape of growth curve

is borne out by Table 18 where all but three of the lines ¢f best fit are

equaﬁions to the power {we with negative second coefficients. The remaining three,

right tibia, right fibula, and left fibula, are all best fitted by an equation
to the power three although Fipgure 40 shows that the extra curve which is
.producéd by the addition of the third term is only very slight, and even though
it is mathematicaliy significant to include this term, from a practical point of
view it might well be per@issible to exclude it.

Simply relating the length of ossified shaft to the fetal age

and subjecting the data to polynemial regression analysié produces the graphs shawmn

in Figure 40. The adoption of this particular mathematical model often leads to

an increased variability towards the ends of the range of data due to a lack of

" sufficient points but in this case there were a great many data poimts through
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Table 18

The Development of fhe Ossified Shafts of the long Bones of the Limbs

in Relation to Gestaticnal Age

Long No of Selected Equation ‘S.E.E. R
Bone Data
Points

Left 687 Y = —39.293674+231.628471X

Humerus =201.499577X 1.72 0.99
Left 688 Y= -32.857206+256.730783x .
Radius =171.265656X 1.54 0.98
Left 693 Y= -35.129187+239.736495X ;
Ulna -168.771473X 1.73 0.98
Left 668 Y =_-36.831866+254.100112X

Femur . =140.135608% 1.96 0.98
.Left 597 Y= 32.512747+219.386409X

Tibia --114.557493X 2.2 " 0.97
Left 577 Y = 420.674979580.669707:( 3

Fibula +315.80881X"-464,381980X 1.84 0.98
Right 643 = "39.857409+234.814X
Humerus | -207.464076X 1.82 0.98
Right 655 Y= -32.884210+2%7.234231X
Radius -172.879002X 1.63 0.98
Right 656 = —35.6&2756+251.634351X

Ulna -169.267815X 1.85 0.98
Right 633 = —38.934088+290.127058X

Femur ~168.823417X 2.74 0.97
Right 518 = -21.465753+9%.490556X 3
Tibia +279,.987466X7-423.035967X% 2.04 0.98
Right 501 = -21.86297&+9§.969900X 3

Fibula +273,354522%7-522.251601X 1.92 0.68
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the range and in particular towards the beginning of ossification. In this
respect it is interesting to note that Figure 40 confirms the results discussed
earlier concerning the appearance times of the ossification centres, namely that
they all appear over a very short period of fime at approximately 0,170 yr.

(9 weeks). Figure 40 also suggests fhat the centre of ossification for the
shaft of the humerus is the first to appear whilsi that for the fibula is last.
The ossification centres for the femur, ulna, and radius'appear simultaneously,
quickly followed by the centre for the tibia. The progress of growth of each of
the centres can also be fpllowed'and it can be seen that the ossified shafts of
the humerus and femur remain approkimately the same until 0.310 yr. (16 weeks)
when the femur overtékes the humerus until at 0.5 yr. (26 waéksi it is
cénsiderably larger. The fibula is the last of the ossification centreé for the
long bones of the limbs to appe;r and remains the shortést in terms of absélﬁte
leﬁgth until 0.310 yr. (16 weeks) when it overtakes the radius, which then remains.
the shortest of the ossified shafts.- Meanwhile the ulna and tibia have followed-
similar growth patterns with the ulna always in advance of the tibia un£11

0.420 yr. (22 wéeks), when it would seem that they become the same length.:

- Although these absolute lengths have appiications in their own right, they are
not the complete story because hidden within these data are factors which would
 affect the length of ossified shaft. For fufure studies it would be interesting
to relate this length of ossified shaft to both the final adult length and also
the corresponding length of fetal cartilaginous bone.v Each of the long bones

of the limbs will eventually have different lengths in adult life and it would be
interesting to reléte development of the ossification to this adult length and
perhaps be able to express the develdpment as a percentage of its maturity.
Similarly each of the cartilaginoué fetal long bbnes, of which the portion of
ossified shaft forms a part, will have different total léngths and it would be

of interest to determine‘whether or not the cartilaginous model and the area of

ossification develop in harmony or whether they are seﬁarate entities with



-different growth control factor;.

When the absolute lengths of ossified shaft are related to fetal
age and subjected to polynominl fegréssion anglysis thé graphs of Figure 40
are produced . -These graphs suggest that the growth of corresponding left and
right limbs is similar in §11 long bones of the limbs. Edrly in fetal life,
before 0.400 yr. (21 weeks), it is certainly very difficult to distinguish the
graph representiné the growth of the left ossified shaft from its counterpart
on the right side, although after 0.400 yr. (21 weeks) all of the corresponding
graphs tend to di;erge. Apart from the ulna shaft, it is interésting to note
tha£ this difference is in favour of £he left limb being greater in iength than
the right limb.. Although none of these differences would appear to be significant,
they are ﬁerhaps influenced by a shortage of data aﬁ the upper end of the range.
It would therefore.be'interesting to continue this procedure to include fetuses
up to teém and determine whether or not this trend is maintained.

Although ihe graphs in Figure 40 are informative they nevertheless
conceal.individual differences between the lengths of left and right ossified
shafts ?iihin the same fetus, To study-this, 421 fetuses in whom the lengths of
all 12 ossified shafts had been measured, were selected and subjected to
statistical tests. The differenceé between the lengths of ossified shafts of
‘corresponding left and right long bones were subjected to a paired t-test. The
proportions of fetuses in whom the left ossified shaft was greater than the right

.ossified shaft, the left ossified shaft was smaller than the right ossified shaft,
end the left ossified shaft was equal.to the right ossified shaft, were calculated.
(See Table 19). It was found that in the humerus, tibia, and fibula
approximately 60% of the fetuses had the length of the left ossified shaft
greater fhan the right and that 30% of the fetuses had the length of the left
ossified shaft smaller than that of the right. This différence was related

to a significance at the 5% probability level of significance and means that a
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Table 19

The Results of a series of t-Tests on Data A Comparison of the Proportions
Produced by Subtracting the Length of the of Differences in Lengths of Left
Ossified Shaft of a left Long Bone of a and Right Ossified Shafts of the

Limb from its Corresponding Bone on the Right Long Bones of the Lunbs
Side in the Same Fetus

Long t-Value Significance | This L?R L=R| LLR
Bone ) at P<0.05 Means
d f.=uz20
Humerus| 6.313 . s L>R ) 270 33 | 118
: _ . 64.1 2 7.8 7| 28.0 %
X= 0215
Radius 1.322 N.8. - L =R 188 ‘ 54 179
— 44,7 7 12.8 Z| 42.5 %
X= 0-034
Ulna 1.672 n.s. L =R 186 41 194
. 44.2 % 9.7 71 46.1 7
X=0-059 ] .
Femur ~2.462 8 R5 L 172 53 196
_ 40.9 2 |12.6 2] 46.6 2
K= 0062 !
Tibia 6.573 s Ly R | 266 36 119
- ' 63.2 2 8.6 Z{ 28.3 7
K265
Fibula 4,393 s L” R 230 40 151
_ 54.6 Z- | 9.5 Z| 35.9 %
= o183 - '
8 = significant n.s. = not significant
"Table 20 To Ccmpa;e the Differsence BetweensLéeft and Right Osszifiecd Shafts
of the loarc Lones of -the Limbs O P ’/’p
— __Number of Paired Leng, Bores "
Direction of Difference 0 1- 2 3 4 5 6
L > R g8 | 32| 93 li123 |11} 43| 11
L<R 30 | 89 | 132 97 | 55 15 3
L=R 255 130 34 2 Q 0 0




difference e#ists in growth of these ossified shafts dependent upon whether
they are on the rigﬁt or left gide of the body, with growth apparently being
favoured on the left side. With the fadius_ahd ulna, equal proportions of
" fetuses had the length of the left ossif£ed shaft greater than the right and the
length of the left ossified shaft less than the right and this was amplifieé by
a non-significant difference which suggests that these bones have equal lengths
on both left and‘fight sides of the body during fetal life. Regarding the
femr, it was found tﬁat 41% of the fetuses had the length of the left ossified |
shaft gfeater than that on the r;ght whilst 47% had the length of the left
ossified shnft less than that-on the right. This reversal in proporticns of
differences was illustrated further by the production of a negative level of
signifiguﬁce which aéain suggests that there is a difference in growth within
the body, related to side and which in this case is favoured on the right side.
These results aré difficult to interpret because an explanation for
the findings is not obvious, particularly concerning the reversal in difference
between the humerus and femur. = On a general basis, perhaps the method used for
measuring the lengths of the ossified shafts of the long bones of the limbs can
Be eriticised because the measurements for the femurs, tibiae, and fibulae are
taken from different views on the A.P. radiograph. (Seg Figqre 7). The
definition of the measurement however was designed to be a maximum measurement
and allowed for ahy longitudinal rotatign of the limb about its axis. In
addition, great care was taken to straighten as much as possible the right
lower limb of each fetus énd those radiographs were gxcludéd in which it was
obvious that this had not.been achieved., It was therefore felt that equivalent
measurements were in fact being taken on both left and right lower limbs and that
the resulfs for the lower limbs shown in Table 19 are indeed valid. This

.criticism of the method however does not apply to the upper limb where similar

-
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views are seen of co;respénding bones and yet a significaﬁt difference was still
found between the lengths of ossified shafts of right and left humeri.

The results shown in Table 19 came as a surprise and as yet have not
been fully investigated. They therefore require further investigation and one
factor which might have affected these results and which must be borne in mind is
the sequence of measuring the ossified lengths. In this study the sequence was
left upper limb, right upper limb, left lower limb, right lower limb with
the individual order being humer?s, ulna, radius, femur, tibia, fibula. It is
conceivable that such a sequence might affect tﬁe results of such a study although
in this particﬁlar case it would be difficult to reconéile this with the reversal.

in difference between right and left humeri and femurs.

One‘investigation of this situation that was undertaken, required the
c&unting of the number of different lengths of corresponding ossified sghafts
within each individual fetﬁs and noting of the direection in which the difference
pointed. The‘results of this are shown in Table 20. It was hoped that such
an investigation would elarify the situation but as can be seen from Table 20
there is a wide spread of the results with most fetuses having differences between
two, three, or four correséonding ogsified shaft lengths. Where these
diffe&ences are centred ;nd whether there is a relationship between differences
in the upper limbs compared with the lower limbs has yet to be estfablished.

Asymmetry in £he total length of the limbs has also been found in
postnatal life. Burwell and Dengerfield (1975} studied 510 patients with
gcoliosis and fouﬁd that many had asymmetry of length of the upper limbs. They
related this to the side of convexity of the primary spinal curve in that the
upper limb was longer on the side of convexity (shorter on concavity) of the
lateral spinal curvature. Hamilton and Simon (1958} also report that in the

normal adult one limb may be shorter by 3" than its fellow and also relate this
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disproportion to the lateral curVgtﬁre of the vertebral columm.  PFurthermore,
they associate the lateral curvature of the vertebral qolumn with "handedness"
and note that in the.right—handedlperson, the thoracic part of the vertebral column
may show a slight convexity to the right with the converse asymmetry usual in the
left-handed person. On the basis that more people are rigﬁt-handed than left-
handed, even though it is a difficult concept to define, it would be expected
that there would be a predominance of larger right limbs than left limbs.
Although such a situation was found ﬁ}this study enly in fhe femur, nevertheless
an inherent "handedness" might weil be_affectiﬂg fetal growth in a complicated
way.

Burwell and Dangerfield (1975) compared their findinés from the
scoliotic éatients to a study of normal boys and gi;ls. They took various
upper limb measureménté and analysed the data according to agé, sex, growth of
proximal ;nd distal limb éegments, and the difference between right and lefd
limbg. Their findings suggested the poésiBility that the Qelocity of growth
in the ufper limbs may not be symmetrical during growth in all normal individuals
and such a conclusion is confirmed by the results of this present study.

After birth there is abundapt evidence that the female is more advanced
~ than the male in terms of ossification (Menees and Holly, 1932{ Dﬁnham, Jenss
and Christie, 1939; Christie, Dunham, Jenss, and Dipple, 1541). Pryor (1906,
1923, 1933) was able to demonstrafe that this difference could be extended to
late fetal life and concluded that the difference progresses from days to
~ weeks to months with such advances taking place even before the external sex-
"differentiation can be determined. Hill (1939) confirmed these thoughts and
stated that it is in the seventh fetal month that differences between male and
female fetu;es can be observed. If the female is in advance of the male felus
in terms of ossification throughout fetal 1life, it was thought.that this difference

would manifest itself in the lengths of the ossified shafts of the long bones
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of the limbs. To investigate this the lengths of the ossified shafts of~the
long bones of the léft iimbs in 269 male fetuses aﬁd 242 female fetuses were
subjected to polynoﬁial regression analysis and the results are shown in Figure 41.
Not surprisingly all of the graphs are similar to their equivalent combined
graphs shown in Figure 40, and it is interesting to note thaé in early fetal'life
at least, the.correspanding.male and female graphs lie very close to each other
and only diverge later in fetal life at 0.400 yr. (21 weeks). It is |
significant that when £he graphs do diverge it is the female that_ is the greater
for any particular fetal age, and although none of the differences appears tol
be significant, it nevertheless suggests that the female fetus is indeed in
| advance of the méle in terms of skeletal maﬁuration:aft;;fa.AOdrj;;lfglnigéquof

o it is also significant to note that the pairs of graphs in.Figure 41
diverge to’diffefeﬁt degrees which demonstrates either that éach of the long
bones df'the.limbs is at a different stage of skeletal maturity at any specific
fetal age or that the effect of sex upén ossification is not equal throughout
the body. If the former is the true case, which seems most likely, then any
factor such as illness which gffects fetal ossification might well affect each
limb bone differently uﬁd depending upon the powers of recovery from such an
illness, the results might well have differept permanent degrees of effect.

In Taﬁle 18 the high multiple coefficient of correlatiom (R)

coupled with the ibw S.E.E. for the lengths of the ossified shafts of each of
“the long bones, means that an accurate assessment of fetal development can be
made hsing these paramete£s. Given the fetal conceptual age, based on L.M.P.
" dates, an accurate estimate can bé made of the lengths to be expected for each
of the ossified shafts of the long bones of the limbs and using ¥ 2 5.E.E. as
first approximations of 95% confidence limits, any abnormality ought to be

- easily: spotted. Such procedurc has application in the study of fetal

abnormalities such as anencephaly, spina bifida, and scoliosis, in order that a
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COMPARISON OF MALE AND FEMALE LINMB LENGTHS

Figure 41.

*SWW N1 HISNIT

Comparison of the lengths of ossified shaft in the long
bones of the left limbs in male and female fetuses.

m = male
f = female
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better understanding of the effects of such abnormalities can be made. For
future work the encouragement of the high R value found for.each of the long
bones might lead to the production of the cdnverse graphs from which an estimate
of fetal age based upon méasurement 0f the ogsified shafts of the long bones

of limbs can be made, although Russeli et.al.,(1972) found a poor correlation
between fetal age and ossified femoral length mgaéured from radiographs taken
of.fetuses in utero., Even though radiography of pregnant woﬁen is rarely
undertaken, such graphs would add to the battery of tests available for assessing
fe?al maturity and aé such would "have considerable clinical value.

Apparently very little previous work has concentraﬁed on the length
of ossified shaft of.the long bones of the limbs in early fetal life and no
réferenceé wére found in which such measurements had been takén from rgdiographs,
except for Hodges (1937), Gardner and Gray (1969, 1970) and Owen (1971).

Moss et.al. (1955) studied all the long bones of the limbs from 119
fetuses which had been cleared an@ étgined with alizarin and grouped their fetuses
into 10 mm intervals of C.R. length. They used as their measurement for each
group the mean Sverall lengths of the ossified shafts of the long bones of
both extremities and estimated the mcnst}ual'age of the median C.R. length for
each interval f?om Boyd (1941), although they do not define how the C.R. length
wvas actually measured.

Gray and Gardner (1969) studied the fetal humerus and in 1970 reported
similar measurements taken from the fetal femﬁr. Ih both studies 40 pairs of

\
bones were exémiged which had been removed from fetuses ranging from 26 — 342 mm.
_C.R. length. No definition is_given of the way in which C.R. length was
measured and all the bones were radiographed, silveri;ed and radiographed again.
The bones were then decaiﬁified aﬁd serially séctioned in frontal, sagittal,

or transverse planes and stained with Masson's Trichrome. Such a prodecure allowed

them to estabiish that below 69 mm C.R. length no endochondral ossification is
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present and therefore longitudiral sections were used to measure the length

of the endochOndrai_ossification.in the centre of the limb sh&ff. Above 69 mm
C.R. length the radiographs were used to measure the lengths of the bones and the
ossified parts of the shafts. Their measurements therefore relate to the
lengths of endochondral ossification and not périosteal, although the two are
very similar in appearance and the actual diffefence between the lengths will
depend very much on the morphological state (Birkbeck, 1976).

Mehta and Singh (1972) meaéured the lengths of the ossified diaphyses
of both the humerus and femur in 50 fetuses ranéiné f¥om 65 - 290 mm-C.R. length.
They measured the C.R. length using an osteometric boara and placed the limbs in
5% KOH at room temperafure for 2 weeks having detaéhed them from the fetal body.
- The humerus and femur wéré then dissected out and c¢leaned and the cartilaginous
ends were removed. ‘ fhe ;emainder of the ossified shaft was dfied at room
‘temperature for 48 hours after which thg maximum length of ossified shaft wes
_measureq using a sliding gauge. "In order £o exclude the possibility of cressed
asymmetry only the right'bones were measured and from the resul£s formulae were
-derived from ﬁhicﬁ fetal age could be eétimated based upon diuphyseal.growth.

All of these graphs have been compared with the equivalent graphs
produced by this study and the results can be seen in Figures 42, 43, 44 , 45,
46, and 47, | l .

It is reassuring to note that each of the graphs in Figures 42, 43, 44,
45, 46 and.47, havé basically the same shape which means that the investigators
independentiy found that the lengths of the ossified shafts of the same bones of
the limbs grow to a similar pattern. It is significant howeve? to note that
each of the graphs is in a.slightly different position in eaéh of the Figures
which indicates that each investigator has possibly measured different lengths,
or agsigned different ages to similar—sized fetuses;

Moss et.al. (1955) provide data from which the fetal age can be estimated
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COMPARISON OF HUMERI

Figure 42.

SWW NI HLSN3T

Comparison of published data concerning the length of
ossified shaft of the fetal humerus

M = Moss et.al. (1955) G = Gray and Gardner (1969)
MS = Mehta and Singh (1972) B = This study
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COMPARISON OF RADIT
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Figure 43,
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Comparison of published data concerning the length of
ossified shaft of the fetal radius.
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COMPARISON OF ULNAE
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Figure 44.° Comparison of published data concerning the length

of ossified shaft of the fetal ulna.
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COMPARISON OF FEMURS

- | SW NI H19N3T

Figure 45. Comparison of published data concerning the length of
ossified shaft of the fetal femur.
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Figure 46. Comparison of published data concerning the length ‘of

ossified shaft of the fetal tibia.
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COMPARISON OF FIBULAE
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Figure 47. Comparison of published data concerning the length of

ossified shaft of the fetal fibula.
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from the measurement of C.R. length. Their data have been taken from Boyd
(1941) and for comparison have been plotted against similar data from this study.
(See figure 48).
Figqre 48 shows that for any particular C.R.'length, Boyd (1941) gives
a considerably smaller estimate of fetal age than either Birkbeck et.al.(197%)
or this study. This is surérising because the measurement of C.R.E. length
for this study was designed to be the maximum C.R. length possible and therefore
means that Boyd (1941) measured either larger fetuses for comparable ages or
" more fhan C.R.E. length, which seems improbable. Nevertheless, this difference
in estimated age would mean that for a fetus of a partiﬁular maturity, Moss
et.al.(1955).would assign a c0nsiderably smaller age than would the results of
this study. Such & situation is in fact represented .in each of thé Figures
between 42‘and 47 with the graph for Moss et.al. being considerably different to
that'of this study. Even after allowing for such a difference however, the
graph for Moss et.al. (1955).in each case is in advance of the equivalent
graph for this study and therefore it would appear that the method using
alizarin-red staining involves measuring greater distances than the-radiographic
method of this study. Méss et.al. (1955) do not provide a definition of the
actual measurement they made and this, coupled with the non-specificity of
alizarin-red for calcium, might account for the discrepancies encountered.
Gardner ;a:nd Gray (1969, 1970) provided data which relate C.R. length
to the measurement of the ossified shafts of the respective long bones. It
vas fherefore easy to relgte directly their results to those of this study and
it is interesting to note that théir graphs relate fairlylclosely to the ones
from this study. It i8 even more interestiné to note that after 0.178 yr. (9
weeks) they completed their measurements from their radiographs and although
" they do not include a definition relating to the measurements they made, it is

reassuring to find their graphs are very similar to those from this study.
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COMPARISON OF TANNER:BIRKBECK AND BOYD

Figure 48.

o : JydL MYINIDZC NI 39

.

A comparison of the methods employed in assigning ages
to fetuses based upon C.R. length.

T
B

This study BO = Boyd (1941)
Birkbeck et.al. (1975)

i
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It is difficult to aﬁseSs the é%tent of alteration the procedure
employed by Mehta ané Singh (1972) would have had on the length of the ossified
shaft of the long Bones o:lthe limbs. It is almost certain that the measurements
they made were different to-those of this study bu£ it is difficult to estimate
the size of this difference and even t0 assess whether or ﬁot it would be constant
throughout fétal life. Their principle of megsuring, however, was siﬁilar to
that df'thié study in that a maximum length was employed and in this sense
it is again reassuring to find that their. graphs accord closely with the similar
graphé from this study. 'The de;£ructive procedﬁres they employ however in thg
preparation of the ossified shafts restricts their pracfical_application.

It therefore appears that the graphs produced by this study to show the
. growth of khe osaified shafts of the long bones of the limbs are valid'and
compare very.well with other methods ﬁf investigating these ﬁarameters. They have

the added advaniage of being applicable to all the long bones of the limbs
and have a means by which abnormalzgrowth can be recognised. In addition the
actual measurements tﬁat are taken are clearly defined and the simpliciiy of
radiography does not lead to dcstruction‘of-the fetus and allows further
| investigations of the same fetus to be carried out.

By differentiating the equations shown in Table 18 and plotting the
resultant equations in graphic form the growth velocities of the ossified shaft
of the long bones of the limbs can be produced. (See Figure 49). The shapes
of these graphs.are d;termined by the form of the original equations but
nevertheless they are valid eveh though they have been produced from cross-
sectional data which would tend to suppressuany changes in velocity of growth
that are present (Tanner, 1962). prevér, thére,are no means'by vhich confidence
limits can be expressed for such graphs because theré are no longitudinal data

avgilable from which these limits can be calculated. Velocitly curves are very

sensitive to changes in slopelof the distance curves shown in Figure 40. In
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COMPRRISON OF GROWTH VELOCITIES OF LONG BONE LENGTHS
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The growth velocities of the ossified shafts of the
long bones of the limbs.
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ordinary use, velocity curves are more sensitive to abnormalities of growth
than are distance curves because the serial measurements required for their

~ use are able to distinguish periods of growth stasis more readily. Because

fetal radiography is not carried out on a serial basis, there is no direct clinical

application for the graphs of Figure 49 but even so, from an academic point of
view, the graphs do provide a great deal of worthwhile information.

Even though nine of the twelve velocity graphs shown in Figure 49

are represented by straight lines, it is significant that they all have negative

slopeé which shows that the velocity of growth bfltheée ossified shafts is
getting less as the fetus gets older. Of the remaininé three, all of them
are fepresented by equ#tions to the power two_and.héving passed through aApenk
velocity at‘approximately-0.25 yrs.(13 weeks) it is.interesting to néte that
their course followg a similar pattern to the graphs of the 6ther nine shafts.
_This means that these thrée ossified bone shafts are delayed in relation to
_their peak velocity growth time when coﬁp&réd to the other gone shafts and
emphasi;es once again that the ossification of the bone shafts is peculiar to
each individual bane. This is further‘emphasised by the fact that it is the

right and left fibula which are delayed and it is these two bones which appear

last in the sequence of ossification for the primary ossification centres of the

long bones of the'limbs. Along these lines, it is difficult to interpret why
the growth velocity of the ossified shaft of the left tibia is so different to
‘that of the ossified shaft of the right tibia although it is interesting to

note that the growth of the ossified shaft of the right tibia is very similar

to that of the ossified shafts of the right and left fibulae. The situation is

made even more confusing by the fact that all of the other pairs of ossified
bone shafts grow at approximately similar velocities to each other although
the differences that do exist indicate that equal symmetrical growth does not

exist in the fetal body.
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Previous attempts have been made to calculate the velocity of growth
of the ossified shaffs of the long bones of the limbs. These studies have
centred mainly upon radiographs taken of fetuses in utero near term in order to
make an assessment of fetal matu;ity. Owen t1971) measured the'lengths‘of
each of the ossified shafis of the long beones of the limbs in a small number.of
fetuses ranging in age from 12 weeks to term and calculated that the femur
grovws at 1 mm/weék in the last weeks of pregnancy. Martin and Higginbottom
(1971} reported that the femur grows at 3-mm/week in the last 8 weeks of
gestation and Russell et.al. (1972) found a poor correlation between fetal
" maturity and femoral length with its rate of growth being 1,5 mm/week with a
" femoral length of 77 mm. The graphs of Figure 49 show that the velocity of
growth fpf all of the ossified shafts is deﬁendent uponrfetal-age and therefore
it_is perhaps wrong to state that the velocity of grow£h is a conétant in the '
later weeks of pregnancy. Concerning the femur in particular, it can be seen
that its velocity of growth at 0.500 yrs (26 weeks) is approximately 0.09 mm/
0.001 yr. which is equivalent to 1.8 mm/week. This means that there must be a
considerable change in the shape of the velocity curve of the femur between 0.500 i
yrs. (26 weeks) and term with two possibilities being either a dramatic
reduction in the rate of slowing down or that a minimum value in terms of
vélocity of growth is passed through duringAthis period; This certainly
requires further investiggtion ard contrédicts the work of Hodges (1957) who
stated that the growth in length of the‘Calcified feﬁur occurred at a regular
rate for each #eek of gestation between 16 and 38 wéeks.

Mehta aﬂd Singh (1972) caléulgted thal the diaphyseal growth rates |
of the humerus and femur are 0.18 mm. and Q.21 mm. respectively for ;very 1 mm.
increase in C.R. Length. In order to compare their results to those of this

. study similar equations were calculated which related the C.R. length of the
I
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fetus to the lengths of ﬁhe ossified sha%ts of the long bones of the left

limbs and the results aré presented in Table 21 and Figure 50; Differentiation
of the equations in Table 21 provides the equations representative of the
velocities of growth of the ossified shafts of thevlong bones of the limbs in
relation to C.R. length. For the femur the velocity of g?owth is equivalent

to 0.25 mm/ mm. increase in C.R. length which is very similar to that of Felts
(1954) and Mehta and Singh (1972), but for the humerus and all the other long
bones the velocity equations aré all to the power of two which mecans that their
velocity of growth is depéndent ;n the C.R. lengfh of the fetus. It is
therefore wrong in this case to express the velocity of growth as a constant in

terms of mm/mm. increase in C.R.length. Por comparison the velocity of growth

. of the ossified shaft of the humerus in relation to C.R. length has a minimum

value of 0.166 mm/mm increase in C.R. length when the C.R. length is approximately

200 mm. and a maximum value of 0.24 mm/mm increase in C.R. length when the fetal
C.R. length is approximately 50 mm. These values therefore compare well with
those of Mehta and Singh (1972) but emphasise that the growth velocity of @he
humerus is not a constant value, -

In addition to being able to estimate the lengths of the oss;ified
~ shafts of the long bones of the limbs from either fetal age or a measurement
of fetal C.R. length it was thought that it would be helpful if the growth of
each of the ossified shafts could be related fo each other so that an estimate
of ossified shaft length could be made based upon the measurement of any other
os;ified shaft. Accordingly,‘the measurements taken of the lengths of the
ossified shaft lengths of the long bones of.the left limbs were subjected to
polynomial regression analysis in turn ﬁith each other and the results can be
seen in Tables 22, 23, 24, 25, 26 and 27 and Figures.Sl,.52, 53, 54, 55 and 56.

These equations and graphs can be used to estimate the length of any of the
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Table 21

Equations Relating Growth of the Ossified Shafts of the

Long Bones

of the left Limbs to the Fetal C.R. Length

Left Long Equation S.E.E. R
Bone
Humerus -7.54764350.202328X 3
+0.00051X°-0.000002X 1.793 | 0.98
Radius ~6.620488+0.168508X
+0.000456X“~0.000002X 1.603 | 0.98
Ulna —6.062699+Q.146344x 3
+0.000804X°-0.00000X 1.792 | 0.98
| Femur -9.406625+0.249335X 2.010 | 0.98
Tibia -4.979478+9.109532X
+0.000971X°~0.000002X 1.926 | 0.98
Fibula ~4.929862+0.088232X
+0.001081X°~0.000003X 1.830 | 0.98
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COMPARISON OF LIMB LENGTHS .
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Figure 50.
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The development of the length of ossified shafts in the
long bones of the left limbs in the human fetus related
to the C.R. length.

- 250 -

VERT 10

UNITS HORIZ 10%.

2

CROWN RUMP EXTENDED MMS.



Table 22 - Egtimates of the Lengths of Ossified Shafts of the Long Bones
: of the Limbs Based on Measurement of the Ossified Shaft of the

Humerus
Long Bone r Equation S.E.E. R
Radius Y = -0.363950+9.857949X
=0.000773X 0.91 0.994
Ulna Y = —0.568604+0.926919X ' 0.90 | 0.995
Femur Y= -0.650001+i.031514x 3
=0.002720X"+0.000089X 0.87 0.997
Tibia I= -0.312583+9.760154X . -
: +0.004098% . 1.07 0.994
Fibula Y= —1.161684+9.769840X ;
' +0,003443X 1.00 0.5%4
Table 23 Estimates of the Lengths of the Qssified Shafts of fhe Long Bones
. of the Limbs Based on Measurement of the Ossified Shaft of the
Radius :
Long Bone Equation S.E.E. R
Humerus Y = 0.928260+12060840X 3
+0.,008375X -0.000143X 1.10 0.994
Ulna Y= 0.912635+9.827362X 3
) 0,017344X -0.000294X 0.84 0.996
Femur Y= 0.262523+12089989X
+0.005265X 1.26 0.993
Tibia Y= 0.727757+02724245X 3
+0.017430X"~0.000193X 1.19 0.992
Fibula Y = 0.120260+9.682986X 3
+0.19555X"-0.000244X | 1.07 0.993




"Table 24 Estimates of the Leugths of the Ossified Shafts of the
Long Bones of the Limbs Based on Measurement of the Ossified
Shafts of the Ulna

Long Bone Equation S.E.E. R
Humerus Y = 0.810925+1.068694X ’ 0.96' 0.995
Radius I-= 0.017481+02944647X

-0.001428X 0.75 0.996
Femur Y= -0.196296+%.142672X 3.

~0.004164X"+0.0001 18K ©1.07 | 0.995
Tibia Y= 0.100803+02837964X

’ +0.004357%X" 1.05 "} 0.994

Fibula Y= *0.756222+9.848472X _

+0.003586X 0.93 0.995

Table 25 Estimates of the Lengths of the Ossified Shafts of the
Long. Bones of the Limbs Based on Measurements of the Ossified
Shaft of the Femur

Long Bone . Equation S.E.E. R
Humerus Y = 0.19621251.072296X
=0.003024X 0.81 0.997
Radius Y = *0.201469+9:914413X
"9.003130X 0.93 0.994
Ulna ¥ = 0.308823+02865683X 3 :
+0.003244X"-0.000079X 0.90 0.995
Tibia Y = 0.233939+02739781X
+0.G06011X"-0.000071X 0.95 0.995
Fibula Y= —0.367403+9.?05163X 3
- +0.007393X"-0.000096X 0.88 0.99%6
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Table 26 Estimates of the Lengths of the Ossified Shafts of the
Long Bones of the Limbs Based on Measurements of the Ossified
Shaft of the Tibia '

Long Bone 7 Equation S.E.E. R
Humerus Y = 0.842001+1,242291X -

—0.004947X 1.12 0.994
Radius Y = 0.357305+12054629X )

—0.004779X 1.00 0.993
Ulna = 0.215385+12144818X

-0.004308X 1.00 | 0.99
Femur Y = ~0.132899+£.328555X 3 :

-0.010251X"+0.000142X 1.07 0.995
-Fibula Y= —0.787489+}.004485X .

' ~0.000710X . 0.656 0.998

Table 27 Estimates of the Lengths of the Ossified Shafts of the
Long Bones of the Limbs Based on Measurements of the Ossified
Shaft of the Fibula

Long Bone Equation - S.E.E. R
Humerus Y = 1;814678+12235554X _

-01004434X 1 1.04 0.994
Radius Y = 1.181631+1,047980X

-0.004358x" 0.93 - { 0.994
Ulna Y = 1.102634+12139562X

-0.003828X 0.92 0.995
Femur Y = 0.829815+12333360X 3

-0.010767X"+0.000171X 1.01 0.99¢
Tibia Y = 0.860830+02992300X

+0.000727X 0.67 0.998
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COMPRRISON OF LIMB LENGTHS

Figure

SWKW HLON3N

51. Comparison of the length of ossified shafts of the long
bones of the limbs with the length of the ossified shaft
of the humerus.
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COMPARISON.OF LIMB LENGTHS

Figure 52.

- TSHW HLON3M

Comparison of the length of ossified shafts of the long bones
of the.limbs with the length of the ossified shaft of the
radius.
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COMPARISON OF LIMB LENGTHS

Figure

23.

CUSHM HLONTN

Comparigson of the length of ossified shafts of the long
bones of the limbs with the length of the ossified shaft
of the ulna.
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COMPARISON OF LIMB LENGTHS.
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Figure 54.
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Comparison of the length of ossified shafts of the long

bones of the limbs with the length of the ossified shaft
of the femur.
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COMPARISON OF LIMB LENGTHS

*
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Pigure 55.
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Comparison of the length of ossified shafts of the long
bones of. the limbs with the length of the ossified shaft
of the tibia.
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COMPARISON OF L:IMB LENGTHS.
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Figure

56.
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Comparison of the length of ossified shafts of the iong

bones of the limbs with the length of the ossified shaft

of the fibula.
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ossified shaft lengths'of tﬁe long bones éf the limbs based upon the same
parameters.. The high multiple corfelation coefficient for each of the equations’
demonstrates that each is a good.fit and the use of the S.E.E, will allow a

first approximation to be made in the recognition of any sbnormal growth. It

is anticipated that these facilities will be p&rticularl& ﬁseful in studying,

for example, cases of anencephaly in which the fetal age is not known aﬁd the

C.R. length cannot bé measured. The apparent lengthening 6f the limbs
associated with this abnorﬁality can now be accurately assessed and whether or
not.the condition affects all of‘£he 1imb;boneg'eQﬁally can now be dgtermined;

A similar application can be made in the study of scoliosis.

Moss (1954, 1955) and Moss et.al. (1955) applied the concepts of -
differential growth to the ossified lengths of the human fetal loﬁg bones, and
it was hoped that tﬁe'results from this study would be able to extend this work.
Moss et.él. (1955) judged that there was a characteristic interphase, which
occurred at approximately 12 weeks of fétai life, whenever &ata which related
the 1enéth of any of thé'ossified shafts of the long bones of the limbs to the
fetal age, vere piotted on log./log. paper. They conéluded that the two
straight lineg which c;uld be fitted to the data justified the use of the
allometric growth equation and that the interphase between these lines indicated
that a common factor must have intervened in the growth of all the long bones.
However, when the data from this study were plotted on log./log. axes (See
‘Figure 57).no characteristic interphase was readily apparent for any of the
long bones and the form of the datapoinls suggested that a curve was more
appropriaﬁe|than two straight lines. The data were subjected to polynomial
regression analysis and the resulting cubic eguation for the humerus is shown
in Figure 57. 7The mathematical procedures involved with finding the best
combination of two straight lines to fit the data shown in Figure 57 are extremely

complicated and with the multiple correlation coefficient of the equation shown
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in Figure 57 being 0.98 it is felt that éuch a procedure would not reveal any
form of better fit. Therefore, it aﬁpears that the relative growth of the
ossified shafts of the long bones of the limbs are constantly changing throughout
fetal life and do not pass through an interphase valué as suggested‘ﬁy Moss et.al.
(1955).

Similarly Moss et.al. (1955) found that the allometric growth concepts
were appropriate when comparing the length of ossified shaft of one fetal long
boﬂe with another because they.found that a straight line could be passed through
. théir data when they were plotted on log./log. paper. . However, when the resulﬁs
~from thi; study were plotted on log./log. axes and the aata were subjected to
polynomia; fegression analysis it.was found ihat it was significapt to include

terms to the powers 2 and 3 rather than limit the line of best fit merely to

& straight line. This means that the line of best fit through the data is a curve

and that the model of allometric growth cannot be applied to the ossified shafts
of the léng bones of the limbs. In Figure 58 the data relating the ossified
shafts of the radius and humérus have been plotted on log./log. axes. Through
" the data the best straight line has been piotted and for compariﬁon the line

of begt fit, to the power 3, has also been plotied. As can be seen the two
lines are indeed very close, but nevertheless it is statistically significant

to include the curves involved with the cubic equation.

It appearé therefore that the addition of mathematical refinements
into the application of'a;lometric growth.to the lengths of the ogsified shafis
of thé long bones- of the limbs has cast doupt on the conclusions reached by
Mogs et.al. {1955). The tremendous increase in number of observations taken
by this study has givén a firm base to this doubt but obviously the situation
requires further investigation by increasing ithe number of observations in the

"lower ége range and extending the data in the upper age range.
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COMPRRISON OF BEST FIT LINES

Figure 58,
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The leﬁgth of the ossified shaft of the humerus and the length

of the .ossified shaft of the radius plotted on 1og./1og. axes

in an assessment of allometric growth.
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Regression equaticn to the power 1 (straight line)
Regression equation to the power 3 (best fit)
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2.

SUMMARY

Graphs and equations are presented from which estimates of the

lengths of the ossifigd shafts of the long bones of the limbs can be
made based upon fetal age. Also included is ﬁn estimate of the error
invoived from which it is hoped abnormal growth can be detected.
Asymmetrical growth was found to be common within fetuses. For the
humerus, tibia, énd fibula, growth was found to be sigﬁificantly
favoured on the left side whilst for the femur growth wgs found to be
significantly favourcd on the right side. It wes suggested that these
results might be related to similar postnatal findings.

Evidence was found which suggested that the female fetus is in advance
of th; male fetus in terms of ossification.

Critici;m is made of those investigators who apply the concept of
allometric growth to the ossification of the long bone shafts because
considerable doubt arises concerning the validity of this approach when
mathematical refinements are applied to the procedure.

Graphs and equations are presented ﬁhich represent the cross—sectiona£
velocity of growth of the ossified shafts of the long bones of the limbs.
The relative growth of each of the ossified shafts to each of fhe other

shafts has been calculated and from the respective graphs and equations

"the relative growth of each of the ossified shafts can be assessed. It is

anticipated that such procedures will have particular relevance in

c¢linical situations.
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THE LONGITUDINAL DEVELOPMENT OF TﬁE VERTEBRAL COLUMN

The data céllected from the measuring of the longitudinai
lengths of the.ve;tebral column were subjecte& to polynomial regression analysis
using computer programmes (See Appendix B). qu;tioﬁs up to and including the
power of 3 were attempted and lines of best fit were selected as described
previously. The results of this procedure can be seen in Table 28 and im
Pigure 59 the equations are présented graphically for comparative purposes;

When examining Figure 59-it must be remembgre@ that the length shown
for éach of the graphs can only represent the total length for any particular
region when all the ossification centres for that region have appeared. Therefore
bearing-in.mind Figures 31 and 32 which show the appearance times for the centres
of ossification.of the_veftehral éolumn, marks havelﬁeen placéd on the graphs
in Figufe-SS to show the times after which all the fetuses examined had all of
 the ossification.centrés present for ihat particular vertebral regicn. After
thése times, the graphs can be said ta represent the length of the whole of a
particular vertebral region.

.From the morpholoéy of a single vertebra, any point can be selected
from which measurements can be taken to determine the distance between one
vertebra and another. If the point selected is in the same relative position
on each of the other vertebrae then the distance measured between the vertebrae

will be the same no matter which point is selected. If however the point selected

moves in relation to each vertebra then the distance measured between the vertebme

will be peculiar to the points originally selected, This explains why in
Figure 59 there are graphs showing the longitudinal distance between the neural

arches for a particular vertebral region which are separate from the graphs

representing the same vertebral region but which are based upon measurement between

the eentra. In different vertebrae the neural arch ossification centres

develop in e different position relative to the centrum ossification centre
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Table 28

Regression Equations for the Longitudinal Growth of the Regions of

the Vertebral Column in relation to Gestational Age

Vertebral No of Equation S.E.E. R
Region Fetuses
Cervical 97 = -10.284807+107.98107 o
Centra - -67.035127X 1.68 0.89
Thoracic 363 = -28.070603+247.673976X
Centra ~691.966170X 1.99 . | 0.99
Lumbar : o
Centra 371 = -16.111873+}33.828985X
~69.931048X 1.20 | o0.98
Sacral 63 = 1.543283+30.906683X 1.77 | 0.68
Centra
Cervical = -12.241451+]11.162235X
Neural Arches 391 -75.277101X% 1.54 0.95
Thoracic 380 = ~32.109091+237.583463X
Neural Arches -169.566457X 2.04 | 0.99
A rches | 303 = —14.952443+%3o.17558ix 1.51 | 0.9
 =74.730357X . y

Sacral 28 = 0.388824+33.653800X
Neural Arches ) ) 1.29 0.83
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COMPARISON OF GROMTH OF COLUMN LENGTHS

IN DECIMAL YERR

ACE

197

“SUINT HLONGT

Pigure 59. Comparison of the longitudinal lengths of the ossified
sections of the vertebral regions.

n = neural arches ¢ = cervical
¢ = centra t = thoracic
1 = lumbar
s = sacral

- 267 -

UNITS HORIZ



and this allows different measurements of the vertebral regions to be made.
In addition, in any single vertebra it is possible that the relative position
between the neural arch ossification centres and the centrum éssification centre
changes as the vertebra develops, which would again make any measurement between
vertebrae dependent upon the points chosen. .
Measurements were.taken of the lengths of both the neural arcﬁ and

centra ossification centres for each vertebral region for ;nother reason also.
The ossification centres for the vérteb;al neural arches and centra develop
’ iﬂdepeﬁdentlx of each cther aqd whilst these centres are appearing the situation
migﬁt arise where it would be more meaningful to obtain a measurement from
either the vérteﬁral neural arch'ossificatiqﬁ centres or the vertebral centra,
particula;ly if no ossification cenfres have yet appeared in eitﬁer the neural .
arches or ;entravossification centres for a particular vertebral region.

| Figuré 59 shows that the four regions of the ve?tebral column have
differéht lengths throughout the period of fetal life under investigation.
The thoracic region is always the longest region and the sacral region is.
always the shortest. Intermediate to these are the lengths of the cervical
and lumbar regions of which the lumbar is always the largest. In the thoracic
region the length of the vertebral neural a;ch ossification centres is always
greater than the equivalent centra measurement whilst in the lumbar and cervical
regions the reverge situation is present. In the sacral region the lengths of
the vertebral neural arch and centra ossificatjon centres are very similar and
this‘difference in length:between the neural arch and centra ossification centres
for each region of the vertebral Eolumn reflects the change in relative position
of the neural arch ossification centres to the centra ossification centres for

the vertebrae.

i Table 28 shows that the shapes of the graphs in Figure 59 are very
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similar with all, except the sacral region, being represented by regression
equations to the power two with negative s;cond coefficients indicative of a
gradually decreasing.rate of growth. The gacral region is represented in both
instances by a straight line which indicates.a wniform rate of growth and
Figure 59 shows that this is compatible with the oﬁher equations. The relatively
low ﬁultiple coefficients of correlation (R) associated with the.lengths of
the cervical_centra, sacral centra,.and sacral neural aréhes reflects the long
period of time required for the appearance of all of the ossification centres
for these regionﬁ.._ At any particular fetal age there might weli be considerable
differences in terms of maturity between fetuses and this could manifest itself
in the number of ossification centres thét are present for ; particular region.
Tﬁerefore; before all of the osgification c entres for a particular region have
appeared, tHe-length of that region as measured by this‘study is affected by
the skeletal maturity of the fetﬁs and, as such, could considerably increase the
varigtion about any regression line.and lower the value of the respective
coefficient of correlation.

It is éerhaps misleading to direct}y compare the lengths of the
' reéions of the vertebral columm because éach region is made up of different
numbers of vertebrae. It is therefore worthwhile to compare the vertebral
regions using lengths of "average" &ertebrae; Table 29 shows the lengths of the
various regions of vertebral cenira ossification centres for specific fetal ages
taken from Table 28. Only those lengths after which-all the vertebral centra
ossification cént;es have appeared, are inclﬁdéd and accounts for the small
number of results for the‘cervical and sacral centra. Alsc shown are the lengths
of the "average" vertebra for each Qf the four regions and these were obtained
by dividing the lengths of cervicai centra, tho;aciC'centra, lumbar centra, and
sacral centra by 7, 13, 5 and 5 respectively. For comp;ritive reasons, each of
these individual vertehrgl lengths has been compared to the "average" lumbar

vertebra.
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Table 29

Comparitive Lengths of Individual Vertebraé

TOTAL LENGTH

LENGTH OF INDIVIDUAL

VERTEBRAE

Age Cerv Thor | Lumb Sacr Cerv | Thor | Sacr

Dec Yr Centra| Centra { Centra | Centra Cer | Thor | Lumb Saer | Lumb Lumb | Lumb
mm . . mm mm mm priii} mm mm mm

c.2

0.225 10.4 2.1

0.25 25.0 13.0 2.1 2.6 0.80

Q.275 - 29.3 15.4 2.4 3.1 c.79

0.3 33.5 - 17.7 2.8 3.5 0.79

0.325 7.4 20.0 3.1 4.0 0.78

0.35 41.2 22.1 3.4 4.4 0.78

0.375 44.9 24.3 3.7 4.9 0.77

0.4 48.3 26.2 4.0 5.2 0.77

0.425 51.6 28.2 4.3 5.6 0.76

0.45 24.7 54.7 30.0 15.5 3.5} 4.6 6.0 | 3.1 10.589 0.76 | 0.516
0.475 25.9 57.5 31.7 16.2 3.71 4.8 6.3 3.2 10.584 | 0.76 | 0.511
0.5 27.0 60.2 33.3 17.0 3.9 | 5.0 6.7 | 3.4 [0.5378 } 0.75 0.511




A different picture.in tefms of development emerges when the
lengths of the individual vertebrae are viewed. The typical lumbar vertebra
is by far the largest vertebra with the average thoracic vertebra being only-
approximately thfee—quarters of its length, The typical sacral and cervical
vertebrae are only approximately half the length of the average lumbar vertebra
- with the cerfical vertebra being slightly larger th;n the sacral.  As the fetal |
age increases it is interesting to note that the lumbar vertebra gets even
bigger relative to the other vertebrae which spggests that vertebral growth
is pécﬁliar at least to the individuai regions.. A mére detailed study might
reveal tha£ the manner of growth is peculiar to the individual vertebra, implying
that division of the vertebral columm into four disfinct regions might wvell be
misleading.

Other investigators of the pfoportiénate regional 1;ngths of the
vertebral columﬁ include Aeby (1879), Ballantyne (1892), and Bardeen (1905).
ABardeen'(l905) reports that Aeby (1879) sthed that in young embryos the cervical
region is relatively longer than the lumbar region but that as érowth preceeds
there is & constaét proportional increaée in the leﬁgth of the letter over the
former. Taking the cervical region as 100 for instance he found that in embryocs
below 10 mm. C.R.length the lumbar region eéuals 69 while in the adult it is
equivalent‘to 150. Similarly Ballantyne's measurements (1892) show that only
in the later parts of fetal life does the growth of the lumbar spine begin to
‘surpass th;t of the cervical region,.so that at the time of birth these regions
are not cqual in length, but the lumbir is distinctly longer than the cervical.
Bardeen (1905) also supporis these findings by stating that the length of the
cervical region during the second and third fetal months is #boﬁt 60% that of
the thoracic., He also found that the lumbar region is at first less than
40%_in length of the thoracic but increases to 50%, whilst the length of the
sacral region varies from 33 to 42.5% of the thoracic. These earlier results

therefore appear to be supported and extended by the present study even though
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precise definitions of their meaéurements are not included in the respective
papers of previous aﬁthors. ’
The high multiple coefficients of correlation (R} shown in Table 28
for the lengths of the‘thoracic and lumbar vertebral centra ossification centres
and the cervical, thoracic and lumbar vertebral neural arch ossification centées
means that an accurate estiﬁaie of these lengths can be made based upon.fetal age.
The high correlatién for these particular regions is due in-part to the short
period of time over which the assification centres for these regions appear.
The use of the S.E.E. as a first ;pprdxiﬁation of normgl values will allew any
abnormal estimates to be easily recognised and it is ant;cipated that the graphs
and equations will have particular use in stpdies of spina bifida, anencephaly,
and scoliésis. It is hoped that a better understanding of the e#tent and
range of th;se abuormalities can now be achieved and perhaﬁs.the graphs and
equatioﬂs can also be applied to radiographs taken of fetuses in utero pgrticularly
in those cases where the radiograph has been taken at a specific angle following
a prior usé of ultrasound to determine the fetal position.
For future work, the high R-values shown in Table 28 suggest that it would
be worthwhile producing similar equations from which an éstimate of fetal age
can be made based upon the measurement of vertebral lengths and if these proved
useful a fetometer similar to that used by_Chang et.al.(1971) might be developed,
although the relucfance of radiologists to radiograph young fetuses in utero j
might restrict its epplication.
VBy diffe;gntiatiﬂg the equations in Table 28, equations representing
the growth velocities of £he 1engﬁhs of the various regions of the column are
obtained and ere shown in Figure 60.  All of the régions of the vertebral
column except for the sacral region are slowing down in the development of their

‘length.  Whilst the sacral region is growing at a constant rate the lumbar and

cervical regions are slowing down at approximately the same rates and the thoracic
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‘COMPARISON, OF GROWTH UELOCITIES OF COLUMN LENGTHS

Figure 60.

JUIL 10670 d3a TSHM NI ALTD071IN

Comparison of the growth velocities of the longitudinal
lengths of the various regions of the vertebral column.
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region is slowing down at‘approximately double the rate of either the lumbar
or cervical regions, This shows that the thoracic region is getting smaller
relative to the 6ther regions whilst-the sacral region is getting larger.
Relative to each other the cervical'and lumbar regions are remaining approximately
constant and demonstrates once more that each region of the vertebral column
grows independently of the other regions. The growth control factors therefére
affect.each of the regions of the vertebral column in a different manner and
once again a more detailed study might reveal that each individual vertebra has
its own particular growth.characteristics independent of all others.
Atiempts were made fo relate the growth of the various regions of

the vertebral column to each other and it was thought that this would be

- especially useful in those cases where fetal age was not known. Accordingly
each of the lengths of the vertebral column were related to each other and the
data were subjected to polynomial regression analysis. The lines of best fit
were then determined as described previously and the results are shown ‘in
Tables 30, 31, 32, 33, 34, 35, 36, and 37 with corresponding graphs shéwn:in

o~ ~ Pigures 