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Abstract

Purpose The knowledge of the development of the
humeral shaft ossification center may be useful both in
determining the fetal stage and maturity and for detecting
congenital disorders, as well. This study was performed to
quantitatively examine the humeral shaft ossification center
with respect to its linear, planar, and volumetric parameters.
Materials and method Using methods of CT, digital
image analysis, and statistics, the size of the humeral shaft
ossification center in 48 spontaneously aborted human
fetuses aged 17-30 weeks was studied.

Results  With no sex differences, the best-fit growth
dynamics for the humeral shaft ossification center was mod-
eled by the following functions: y = —78.568 +34.114 X1In
(age)+2.160 for its length, y = —12.733+5.654 X In-
(age)+0.515 for its proximal transverse diameter, y =
—4.750+2.609 X 1In (age) +0.294 for its middle transverse
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diameter, y = —10.037 +4.648 X In (age) +0.560 for its dis-
tal transverse diameter, y = —146.601+11.237 X age+19.9
07 for its projection surface area, and y=121.159+0.001 x
(age)* + 102.944 for its volume.

Conclusions With no sex differences, the ossification
center of the humeral shaft grows logarithmically with
respect to its length and transverse diameters, linearly with
respect to its projection surface area, and fourth-degree
polynomially with respect to its volume. The obtained mor-
phometric data of the humeral shaft ossification center are
considered normative for respective prenatal weeks and
may be of relevance in both the estimation of fetal ages and
the ultrasonic diagnostics of congenital defects.

Keywords Humeral shaft - Ossification center - Size -
Growth dynamics - Human fetus

Introduction

Due to its early and intensive growth, the skeletal system in
the fetus may effectively and safely be monitored in utero
by ultrasound at any period of gestation. However, Victo-
ria et al. [32, 33] reported ultrasonography to be a tech-
nique of 40-60% sensitivity in skeletal dysplasias. Thus,
low-dose computerized tomography may play a conducive
role in cases of suspected fetal skeletal dysplasia, when no
specific diagnosis is achieved by ultrasound only [31-33].
Ulla et al. [31] recommended taking up further studies on
the clinical use of low-dose CT in fetuses and its risk—ben-
efit analysis. Since the primary ossification centers in the
humeral and femoral shafts calcify as early as at week 7 of
prenatal life, both may ultrasonically be visualized as the
first fetal structures, thus allowing both the assessment of
fetal age and detection of potential developmental defects
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[12]. Although in the assessment of fetal age the priority
is given to the femoral length (FL), the humeral length
(HL) becomes important for assessing fetal ages in the sec-
ond and third trimesters of pregnancy in problematic cases
[15-17].

Skeletodysplasias display a large and heterogeneous
group of genetic defects, in which the defective structure
of bones and cartilages is a consequence of their incorrect
growth, development, or differentiation. The overall inci-
dence of skeletal dysplasias is 1 case in 5000 live births,
which constitutes as many as 5% of children affected by
congenital defects [12, 13]. In the diagnostics of skeleto-
dysplasias, a comprehensive identification and evaluation
of long bones is indispensable, particularly since in cases
of achondroplasia and nanism, dysplasia is limited to one
bone only. In the upper limb, dysplasias can affect all bones
(micromelia), only the humerus (rhizomelia), the bones of
the forearm (mesomelia), or the bones of the hand (acrome-
lia). Diagnosing both rhizomelia and mesomelia requires
comparing the size of the appropriate homologous bones
in the upper and lower limbs: humerus with femur, radius
with tibia, and ulna with fibula [7, 8, 11, 13].

In the present study, we aimed to

e perform morphometric analysis of the humeral shaft
ossification center in human fetuses with respect to its
linear, planar, and spatial parameters in order to deter-
mine their normative specific-age values;

e examine possible differences between sexes for all ana-
lyzed parameters; and

e compute growth dynamics for the analyzed parameters,
expressed by best-matched mathematical models.

Materials and methods

The study material comprised 48 human fetuses of both
sexes (26 males and 22 females) aged 17-30 weeks, orig-
inating from spontaneous abortions or preterm deliveries.
All fetuses were preserved by immersion in 10% neutral
formalin solution. Fetal ages were previously established
on the base of the specimen’s crown-rump length [3].
Each crown—rump length measurement was performed
by one researcher but three times under the same condi-
tions at different times, and then averaged. The material
was acquired before the year 2000 and remains part of
the specimen collection of our Department of Normal
Anatomy. The experiment was approved by the Bioeth-
ics Committee of our University (KB 275/2011). Table 1
lists the characteristics of the study group, including age,
number, and sex of the fetuses.

Using the Siemens Biograph 128 mCT camera, the
fetuses were scanned at a step of 0.4 mm, recorded in
DICOM formats (Fig. 1), and subsequently subjected to
morphometric analysis with the use of the OsiriX 3.9
software. It should be emphasized that OsiriX 3.9 per-
mits precise numerical analysis of any type of linear, pla-
nar, and three-dimensional reconstructions of the studied
objects.

The gray scale in Hounsfield units of achieved CT
pictures ranged from —275 to —134 for a minimum, and
from +1165 to +1558 for a maximum. Thus, the window
width (WW) alternated from 1.404 to 1.692, and the win-
dow level (WL) varied from +463 to +712. The details
of the imaging protocol were as follows: mAs—60,
kV—_80, pitch—0.35, FoV—180, and rot. time—~0.5 s,

Table 1 Age, number, and sex

. Gestational age Crown-rump length (mm) Number of Sex
of the fetuses studied fetuses

Weeks (Hbd-life) Mean SD Min Max 3 Q

17 116.00 1.00 115.0 117.0 3 1 2
18 133.33 5.71 130.0 140.0 3 1 2
19 150.60 297 146.0 154.0 5 2 3
20 159.00 1.00 158.0 160.0 3 2 1
21 174.75 2.87 171.0 178.0 4 3 1
22 184.00 1.41 183.0 185.0 2 1 1
23 196.33 1.15 195.0 197.0 3 1 2
24 209.33 3.44 205.0 213.0 6 4 2
25 214.33 1.53 213.0 216.0 3 1 2
26 230.33 4.62 225.0 233.0 3 1 2
27 238.40 2.79 235.0 241.0 5 5 0
28 249.50 0.71 249.0 250.0 2 1 1
29 253.00 0.00 253.0 253.0 2 0 2
30 263.25 1.26 262.0 265.0 4 3 1
Total 48 26 22

@ Springer



Surg Radiol Anat (2017) 39:1107-1116

1109

Fig.1 A male human fetus
aged 21 weeks in the transverse
projection (a), its skeletal recon-
struction (b), its right and left
upper limbs in the lateral pro-
jection (c, d), its visualization
referring to the left humerus (e),
and humeral shaft ossification
center (f) using OsiriX 3.9

while the details of CT data were as follows: slice thick-
ness—0.4 mm, image increment—0.6 mm, and kernel—
B45 f-medium.

Despite the cartilaginous stage, contours of the proxi-
mal and distal ends of the humeral shaft ossification
center were already clearly visible, thus enabling a pre-
cise morphometric analysis of its linear, planar, and volu-
metric parameters [3].

Measurements of the humeral shaft ossification center
were conducted in a specific sequence (Fig. 2). In each
fetus, the assessment of linear diameters, projection
surface area, and volume of the humeral shaft ossifica-
tion center was carried out. In all, the following six
parameters of the humeral shaft ossification center were
evaluated:

1. length, based on the determined distance between
the proximal and distal borderlines of the ossification
center in the frontal plane (Fig. 2);

2. proximal transverse diameter, based on the determined
distance between the medial and lateral borderlines of
the proximal region of the ossification center in the
frontal plane (Fig. 2);

3. middle transverse diameter, based on the determined
distance between the medial and lateral borderlines of

Fig. 2 Measurement scheme of the humeral shaft ossification center
in the frontal plane. / length, 2 proximal transverse diameter, 3 mid-
dle transverse diameter, 4 distal transverse diameter, 5 projection sur-
face area
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the central region of the ossification center in the fron-
tal plane (Fig. 2);

4. distal transverse diameter, based on the determined
distance between the medial and lateral borderlines of
the distal region of the ossification center in the frontal
plane (Fig. 2);

5. projection surface area, based on the determined con-
tour of the humeral shaft ossification center in the fron-
tal plane (Fig. 2); and

6. volume, calculated using advanced diagnostic imag-
ing tools for 3D reconstruction, taking into account the
position and the absorption of radiation by bone tissue
(Fig. 1f).

In an incessant attempt to minimize measurement and
observer bias, all measurements were completed by one
experienced researcher (MW), specializing in image inter-
pretation. Each measurement was reiterated three times
under the same conditions but at different times, and then
averaged. The intra-observer variation was assessed by the
one-way ANOVA test for paired data. The study results
were statistically analyzed. Distribution of variables was
checked using the Shapiro-Wilk test, while homogeneity
of variance was checked using Fisher’s test. The results
have been expressed as arithmetic means with standard
deviation (SD), minimal (Min.), and maximal (Max.) val-
ues. To compare the means, Student’s t test for independ-
ent variables and one-way ANOVA were used. Tukey’s
test was used for post hoc analysis. If no similarity of vari-
ance occurred, the non-parametric Kruskal-Wallis test was
used. The characterization of developmental dynamics of

the analyzed parameters was based on linear and curvilin-
ear regression analysis. The match between the estimated
curves and measurement results was evaluated based on the
coefficient of determination (R?).

Results

No statistically significant differences (P>0.05) in evalu-
ating intra-observer reproducibility of measures of the
humeral shaft ossification centers were found. Mean, stand-
ard deviations, and minimal and maximal values of all the
analyzed parameters of the left and right humeral shaft
ossification centers in human fetuses at varying gestational
ages are presented in Tables 2 and 3 for length, proximal,
middle, and distal transverse diameters and in Table 4 for
projection surface area and volume.

The statistical analysis revealed neither significant sex
nor bilateral differences, which allowed us to compute one
growth curve for each analyzed parameter. On both the
left and right sides, the growth dynamics of the length and
three transverse diameters of the humeral shaft ossification
centers followed a natural logarithmic function.

The mean length of the humeral shaft ossification center
at fetal ages of 17-30 weeks increased from 19.52+0.02
to 36.40+3.08 mm on the right, and from 19.53+0.03
to 37.42+2.07 mm on the left, following the logarith-
mic function y = -—78.568+34.114x%In(age)+2.160
(R?=0.88) — (Fig. 3a).

Between weeks 17 and 30, the mean proximal trans-
verse diameter of the humeral shaft ossification center

Table 2 Length and transverse diameters for proximal end, middle part, and distal end of the right humeral shaft ossification center in human

fetuses
Gestational N Length Transverse diameter (mm)
age (weeks) - - -
Proximal Middle Distal

Mean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max.
17 3 1952 0.02 1950 1953 3.71 0.02 3.70 373 285 0.02 284 287 381 0.03 3.79 3.84
18 3 2030 1.03 1943 2143 341 040 3.16 387 282 0.06 276 287 347 035 324 387
19 5 2037 154 1927 2304 337 031 3.06 370 289 021 265 321 319 091 212 426
20 3 2078 0.01 2077 2079 392 001 392 393 293 001 292 294 361 0.23 345 3.87
21 4 2497 209 2296 27.81 4381 0.39 437 525 320 0.13 3.08 334 435 0.69 354 494
22 2 2677 129 2585 27.68 4.14 0.13 405 423 325 040 296 353 426 068 378 474
23 3 2954 191 27.63 3145 5.01 0.75 4.14 544 328 026 3.05 356 469 0.77 403 554
24 6 3031 1.72 28.02 3244 533 054 453 598 350 023 328 392 461 040 4.03 528
25 3 29.10 020 2890 2930 5.10 020 490 530 385 003 383 388 4.63 002 461 4.65
26 3 3213 235 2951 3407 604 049 563 659 355 015 338 3.65 523 069 459 596
27 5 3310 199 30.05 3494 599 053 530 648 372 027 347 410 553 048 5.07 6.06
28 2 3695 0.02 3693 3696 580 002 578 581 374 002 372 375 540 0.14 530 550
29 2 3439 147 3335 3543 6.02 0.11 594 6.09 390 0.17 378 402 513 0.04 5.10 5.15
30 4 3640 3.08 3278 39.05 623 057 564 687 386 022 368 418 569 056 504 642
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Table 3 Length and transverse diameters for proximal end, middle part, and distal end of the left humeral shaft ossification center in human
fetuses

Gestational
age (weeks)

N Length Transverse diameter (mm)

Proximal Middle Distal

Mean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max. Mean SD Min. Max.

17 3 1953 003 1951 1956 391 002 390 393 274 001 273 275 343 002 341 344
18 3 2101 224 1949 2358 346 074 293 430 258 008 248 263 326 0.12 312 334
19 5 2005 135 19.18 2243 336 036 293 376 259 021 230 280 357 030 3.14 396
20 3 2133 001 2132 2134 408 001 407 409 29 001 28 291 3.06 001 306 3.07
21 4 2272 297 2035 2672 463 035 414 488 347 036 3.07 384 429 084 340 5.03
22 2 2706 143 2605 28.07 411 011 403 418 334 037 3.08 360 431 032 408 453
23 3 2975 154 2818 3125 507 068 429 557 320 013 3.07 332 445 036 4.04 468
24 6 3059 231 2759 3362 530 048 464 580 351 031 306 385 440 028 390 4.67
25 3 3501 0.03 3498 3504 545 003 543 548 413 003 410 415 456 003 453 458
26 3 3287 178 3121 3475 601 055 563 664 414 036 378 449 497 092 430 6.02
27 5 3367 181 3138 3544 642 066 539 701 398 040 345 447 587 073 507 654
28 2 36.63 0.02 3661 36.64 610 001 6.09 611 416 001 415 417 610 001 6.09 6.11
29 2 3560 0.73 3508 36.11 625 004 622 627 438 064 393 483 529 010 522 536
30 4 3742 207 3523 3959 627 044 576 670 400 017 3.84 422 584 061 509 647

ranged from 3.71+0.02 to 6.23+0.57 mm on the
right side, and from 3.91+0.02 to 6.27+0.44 mm
on the left side, following the logarithmic function
y = —12.733+5.654xIn (age)+0.515 (R*=0.79)—
(Fig. 3b). The mean middle transverse diameter of
the humeral shaft ossification center ranged from
2.85+0.02 mm at 17 weeks to 3.86+0.22 mm
at 30 weeks on the right, and from 2.74+0.01 to
4.00+£0.17 mm on the left, respectively, follow-
ing the logarithmic function y = —4.750+42.609 X In
(age)£0.294 (R*=0.71)—Fig. 3c). In fetuses aged
17-30 weeks, the mean distal transverse diameter of the
humeral shaft ossification center ranged from 3.81 +0.03
to 5.69+0.56 mm on the right, and from 3.43 +0.02 to
5.84+0.61 mm on the left, in accordance with the loga-
rithmic function: y = —10.037 +4.648 X In (age) +0.560
(R*=0.69)—(Fig. 3d).

The mean projection surface area of the humeral shaft
ossification center ranged from 53.13 +0.25 mm? at 17
weeks to 177.65+35.41 mm? at 30 weeks on the right,
and from 41.33+0.15 mm? to 179.53+33.32 mm? on
the left side, respectively, following the linear func-
tion: y = —146.601+ 11.237 xage +19.907 (R*=0.84)
(Fig. 4a).

In the fetal age range of 17-30 weeks, the mean vol-
ume of the humeral shaft ossification center increased
from 224.73+0.42 to 967.68+5.65 mm> on the right
side, and from 228.47+0.31 to 966.38+51.49 mm’
on the left side, following the fourth-degree polyno-
mial function: y=121.15940.001 x (age)* + 102.944
(R*=0.84)—(Fig. 4b).

Discussion

In human fetuses, the process of ossification starts earlier
in the upper limb than in the lower limb, and consecutively
involves the humerus, radius and ulna, metacarpal bones,
and phalanges [27]. According to numerous authors [15,
18, 19, 25], the commencement of ossification depends on
the fetal body weight, maturity, sex, and ethnic origin. The
presence of ossification center in the proximal region of the
humerus was confirmed radiologically in 15% fetuses aged
38-39 weeks, in 40% fetuses aged 40-41 weeks, and in
82% fetuses beyond 42 weeks [19]. In turn, a constant pres-
ence of the ossification center in question was revealed by
Nazario et al. [26] using ultrasound in fetuses at 38 weeks,
whereas Donne et al. [16] observed it only in 28% fetuses
aged 38 weeks, in 39% fetuses aged 39 weeks, and in 55%
fetuses aged 40 weeks. Using ultrasound, Mahony et al.
[23] reported the appearance of the ossification center in
the proximal region of the humerus as late as at 38 weeks of
gestation, while Kumari et al. [20] ultrasonically visualized
it as early as at 35-36 weeks of gestation. Of note, in our
study involving fetuses at the age of 17-30 weeks, the use
of CT permitted an accurate visualization of the humeral
shaft ossification center in all the fetuses examined.

In newborns, the humerus is ossified only in its shaft,
which constitutes approximately 79% of the entire bone,
while its rounded proximal epiphysis and triangular dis-
tal epiphysis are still cartilaginous. The proximal end of
the humerus develops from the three secondary ossifica-
tion centers located in its head, greater and lesser tubercles
[34], with the fusion of these ossification centers starting
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at the age of 3 years and progressing in the anteroposterior
direction. The humeral head ossification center appeared
between the age of 6 and 20 months, while the ossifica-
tion centers in the greater and lesser tubercles appeared
between the age of 1 and 3 years [1]. However, earlier ossi-
fication was reported in a radiographic study by Ogden
et al. [28] in human cadavers ranging from full-term still-
born to fourteen years old, in which the ossification of the
humeral head began between the age of 2 and 3 months,
while that of the greater tubercle began at the age of
roughly 7 months. This fact was confirmed in an MRI study
by Kwong et al. [21], who demonstrated that ossification
within the humeral head and greater tubercle occurred at
the age of 4 and 10 months, respectively. Broker and Bur-
bach [9] reported the proximal epiphysis of the humerus to
ossify in 15-20% neonates younger than 39 weeks and in
40% neonates younger than 41 weeks. The presence of the
third ossification center in the lesser tubercle of humerus
is rather controversial. Cocchi et al. [14] found the ossifi-
cation center in the lesser tubercle to appear as late as at
the age of approximately 5 years and to subsequently fuse
with the ossification centers of the head and greater tuber-
cle at the age of 6-7 years. Furthermore, with the use of
MRI in children aged 2 months to 17 years, Kwong et al.
[21] observed that there was no separate ossification center
in the lesser tubercle. Instead, it was just the humeral head
ossification center that also progressively invaded the lesser
tubercle. The hypothesis of the two ossification centers in
the proximal epiphysis of the humerus was also supported
by Paterson [29] and Ogden et al. [28]. Secondary ossifi-
cation centers appeared more rapidly in girls than in boys
since the fusion of the humeral shaft with the proximal end
occurred between the age of 12 and 19 years in females
and between the age of 15.5 and 20 years in males [34].
Separation of the proximal humeral epiphysis (SPHE) is a
common complication observed in neonates after difficult
delivery [17].

The distal end of the humerus ossifies from four ossifi-
cation centers. The first ossification center appears at the
age of 6—12 months within the capitulum, the second one
appears at the age of 5-7 years in the medial epicondyle,
the third one appears at the age of approximately 10 years
in the trochlea, and the fourth one appears at the age of
12-14 years in the lateral epicondyle [11, 34]. The fusion
of these four ossification centers occurs at the age of 10-12
years, while that of the distal end with the humeral shaft
occurs at the age of approximately 15 years. The medial
epicondyle first fuses with the humeral shaft and subse-
quently with the remaining three ossification centers of the
distal end between the age of 11 and 16 years in females
and between the age of 14 and 19 years in males [34].

This paper is the first report in the medical literature
concerning the quantitative analysis of the humeral shaft

@ Springer

ossification center in human fetuses, precisely expressed by
best-fit mathematical growth models. Of note, the examined
ossification center demonstrated neither sexual nor bilat-
eral differences, which clearly corresponded with previous
observations presented by Baumgart et al. [3] with relation
to the ossification center of the clavicle. Both the length
and transverse diameters of the humeral shaft ossification
center followed natural logarithmic functions, with fetal
ages expressed in weeks. The present study also revealed
the projection surface area of the humeral shaft ossification
center to commensurately increase with age. In turn, the
volume of the humeral shaft ossification center followed the
fourth-degree polynomial function. It should be emphasized
that the growth dynamics of the humeral shaft ossification
center was analogous to that of the clavicle ossification
center, since the latter grew logarithmically with respect
to its length (y=-31.373+15.243 X1n (age)+1.424) and
transverse diameters (y=—7.945+3.225x1n (age) +0.262,
y=-4.50342.007 XIn (age) +0.218, y=—4.860+2.117 x1
n(age) +0.200 for lateral, middle, and medial ends, respec-
tively), linearly with respect to its projection surface area (y
= —31.390+2.432x age +4.599), and fourth-degree poly-
nomially with respect to its volume (y=28.161+0.00017 x
(age)* + 15.357).

In the professional literature, there are no reports con-
cerning the dimensions of the humeral shaft ossification
center, which precludes a more comprehensive discussion
in this subject. The dimensions of the humeral shaft ossi-
fication center obtained in the present study may be criti-
cal in diagnosing skeletal dysplasias that are often charac-
terized by a disrupted or completely halted growth of the
humerus in the fetus. Disproportionate nanism with short
limbs can be a result of shortened proximal parts of limbs,
i.e., the humerus and femur (rhizomelia). Dysplasia affect-
ing the shafts of the long bones causes their enlargement,
sclerotization, thickening of the cortical layer, and thinning
or enlargement of the medullary cavity. Abnormalities in
the long bones may also be accompanied by abnormalities
in the spinal cord, i.e., spondylodysplasia. Achondrogen-
esis and thanatophoric dysplasia are lethal with a typical
image of hypoplasia of the long bones of the upper limbs,
including the humerus [7, 8, 13, 34]. Fetal skeletal dyspla-
sia affects approximately 2.4—4.5 out of 10,000 births [2].
Of note, Down’s syndrome is the most frequent chromo-
somal abnormality observed at birth. According to Ben-
aceraff et al. [4-6], the coexistence of shortened femur or
humerus with a thickened nuchal fold is a good predictive
sign for the trisomy 21. Stempfle et al. [30] observed the
tendency of slowed growth of the limb long bones during
the third trimester more pronounced in the trisomic group
than in the normal fetuses.

The very first diagnosis of suspected skeletodyspla-
sias is usually stated during routine prenatal ultrasonic
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examinations. Unfortunately, the sensitivity of ultrasound
when diagnosing skeletal dysplasia is only 40-60%. Sono-
graphic findings usually include foreshortened long bones
for gestational age, abnormal skeletal morphologic fea-
tures, abnormal mineralization, and fractures. Therefore,
ultrasonography alone is unsatisfactory to diagnose such
deformities like narrow thorax, bowed long bones, or more
complex abnormalities [22]. Victoria et al. [32] compared
both the effectiveness and utility of ultrasonography and
CT in the prenatal diagnostics of skeletodysplasias. The
authors demonstrated that among the 21 cases included in
the study, in only 5 cases CT and ultrasonic findings were
equivalent, while in 17 cases CT unveiled novel osseous
findings, invisible by ultrasound. Among 218 measure-
ments performed, a total of 4 erroneous findings referred to
CT, and as many as 19 erroneous findings referred to ultra-
sonography. Cassart et al. [10] compared 2D US and 3D CT
methods when diagnosing skeletal dysplasias in 11 fetuses
aged 26-36 weeks. It is noteworthy that the total CT dose
index was 3.12 mGy. As it turned out, the correct diagnosis
was done in 2 cases using 2D US and in 8 cases using 3D
CT. Thus, the authors found 3D CT to be more accurate
than 2D US in the diagnosis of fetal skeletodysplasias.

Of course, the analysis of fetal CT images has some
limitations, since there are some areas that require further
investigation of the fetal skeleton, such as long bone lengths
on CT images at different gestational ages. Besides, when
compared to ultrasonography, the CT evaluation of fetal
bone mineralization is more difficult as there have been no
standards available yet. The visualization of the fetal hands
and feet is also limited at earlier gestational ages, and as
late as in the late second and third trimesters their images
are satisfactory. The advantage of fetal CT examinations
results from the fact that it can be entirely reinterpreted
at any given time with no loss of imaging details after the
study is finished [32]. Furthermore, CT examinations can
discriminate one skeletal dysplasia from another in terms
of impact and long-term outcome [22]. The American Col-
lege of Radiology recognized a dose of less than 50 msV as
no risk to the pregnant women and in utero fetus. McCol-
lough et al. [24] even claimed that at a dose of 100 msV,
the absolute risk of fetal effects was small, and at a dose
of 50 msV it was just negligible. To our opinion, it should
be emphasized that CT examination cannot be used in the
evaluation of minor osseous abnormalities. Instead, it may
be performed as a complementary method to ultrasonogra-
phy in the diagnosis of severe and potentially lethal abnor-
malities. As reported by Macé et al. [22], in the diagnosis
of fetal skeletodysplasias a helical CT examination is use-
ful from week 26 of gestation and should be performed in
cases with severe micromelia below the 3rd percentile and
for those <10th percentile associated with another bone
sign. According to these authors, the fetal age above 26

weeks is a period of pregnancy which ensures additional
safety because of the development of potential exposed
organs. In the third trimester of pregnancy, the ossification
is satisfactory to correctly analyze CT images. Simultane-
ously, it is more difficult to obtain adequate viewing planes
in tridimensional ultrasonography.

The main limitation of the present study has resulted
from a relatively narrow fetal age, varying from 17 to 30
weeks of gestation and the small number of cases, includ-
ing 48 human fetuses. Another partial limitation may be
that all measurements were performed by one observer in
a blind fashion.

Conclusions

1. The morphometric characteristics of the humeral shaft
ossification center display no sex differences.

2. The ossification center of the humeral shaft grows log-
arithmically with respect to its length and transverse
diameters, linearly with respect to its projection surface
area, and fourth-degree polynomially with respect to its
volume.

3. The obtained morphometric data of the humeral shaft
ossification center are considered normative for respec-
tive prenatal weeks and may be of relevance in both the
estimation of fetal ages and the ultrasonic diagnostics
of congenital defects.

Compliance with ethical standards

Conflict of interest
of interest

The authors declare that they have no conflict

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Arias—Martorell J, Potau JM, Bello-Hellegouarch G, Perez—
Perez A (2014) Brief communication: developmental versus
functional three—dimensional geometric morphometric—based
modularity of the human proximal humerus. Am J Phys Anthro-
pol 154:459-465

2. Barkova E, Mohan U, Chitayat D, Keating S, Toi A, Frank J,
Frank R, Tomlinson G, Glanc P (2015) Fetal skeletal dysplasias
in a tertiary care center: radiology, pathology, and molecular
analysis of 112 cases. Clin Genet 87:330-337

3. Baumgart M, Wisniewski M, Grzonkowska M, Badura M,
Dombek M, Matkowski B, Szpinda M (2016) Morphomet-
ric study of the two fused primary ossification centers of the

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1116

Surg Radiol Anat (2017) 39:1107-1116

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

clavicle in the human fetus. Surg Radiol Anat. doi:10.1007/
s00276-016-1640-y

Benacerraf BR, Cnann A, Gelman R, Laboda LA, Frigoletto
FD Jr (1989) Can sonographers reliably identify anatomic fea-
tures associated with Down syndrome in fetuses? Radiology
173(2):377-380

Benacerraf BR, Gelman R, Frigoletto FD Jr (1987) Sonographic
identification of second trimester fetuses with Down’s syndrome.
N Engl J Med 317:1371-1376

Benacerraf BR, Neuberg D, Frigoletto FD Jr (1991) Humeral
shortening in second-trimester fetuses with Down syndrome.
Obset Gynecol 77:223-227

Bober MB, Taylor M, Heinle R, Mackenzie W (2012) Achon-
droplasia hypochondroplasia complex and abnormal pulmonary
anatomy. Am J Med Genet 158:2336-2341

Bonafe L, Cormier-Daire V, Hall C, Lachman R, Mortier G,
Mundos S, Nishimura G, Sangiorgi L, Savarirayan R, Sillence D,
Spranger J, Superti-Furga A, Warman M, Unger S (2015) Nosol-
ogy and classification of genetic skeletal disorders: 2015 revi-
sion. Am J Med Genet A 167(12):2869-2892

Broker FHL, Burbac T (1990) Ultrasonic diagnosis of separation
of the proximal humeral epiphysis in the newborn. J Bone Joint
Surg 72(2):187-191

Cassart M, Massez A, Cos T, Tecco L, Thomas D, Van
Regemorter N, Avni F (2007) Contribution of three-dimensional
computed tomography in the assessment of fetal skeletal dyspla-
sia. Ultrasound Obstet Gynecol 29:537-543

Chessare JW, Rogers LF, White H, Tachdjian MO (1977) Inju-
ries of the medial epicondylar ossification center of the humerus.
Am J Roentgenol 129:49-55

Chinn DH, Bolding DB, Callen PW, Gross BH, Filly RA (1983)
Ultrasonographic identification of fetal lower exteremity epiphy-
seal ossification centers. Radiology 147(3):815-818

Cho SY, Jin DK (2015) Guidelines for genetic skeletal dysplasias
for pediatricians. Ann Pediatr Endocrinol Metab 20:187-191
Cocchi U (1950) Zur Frage der Epiphyse Ossifikation des
Humeruskopfes das Tuberculum minus. Radiol Clin 19:18-23
Davies DA, Parsons FG (1927) The age order of the appearance
and union of the normal epiphyses as seen by X rays. J Anat
62:58-71

Donne HD, Fatindes A, Tristao EG, de Sousa MH, Urbanetz AA
(2005) Sonographic identification and measurement of the epi-
physeal ossification centers as markers of fetal gestational age. J
Clin Ultrasound 33(8):394-400

Goldfisher R, Amodio J (2015) Separation of the proximal
humeral epiphysis in the newborn: rapid diagnosis with ultra-
sonography. Case Rep Pediatr 2015:1-3

Kuhns LR, Finnstrom O (1976) New standards of ossification of
the newborn. Radiology 119:655-660

Kuhns LR, Sherman MP, Poznanski AK, Holt JF (1973)
Humeral head and coracoid ossification in the newborn. Radiol-
ogy 107:145-149

Kumari R, Yadav AK, Bhandari K, Nimmagadda HK, Singh
R (2015) Ossification centers of distal femur, proximal tibia

@ Springer

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

and proximal humerus as a tool for estimating gestational age
of fetuses in third trimester of pregnancy in west Indian popu-
lation: an ultrasonographic study. Int J Basic Appl Med Sc
5(2):316-321

Kwong S, Kothary S, Poncinelli LL (2014) Skeletal development
of the proximal humerus in the pediatric population: MRI fea-
tures. AJR 202:418-425

Macé G, Sonigo P, Cormier-Daire V, Aubry MC, Martinovic
J, Elie C, Gonzales M, Carbonne B, Dumzes Y, Le Merrier M,
Brunelle F, Benachi A (2013) Three-dimensional helical com-
puted tomography in prenatal diagnosis of fetal skeletal dyspla-
sia. Ultrasound Obstet Gynecol 42(2):161-168

Mahony BS, Bowie JS, Killam AP, Kay HH, Cooper C (1986)
Epiphyseal ossification centers in the assessment of fetal matu-
rity: sonographic correlation with the amniocentesis lung profile.
Radiology 159(2):521-524

McCollough CH, Schueler BA, Atwell TD, Braun NN, Reg-
ner DM, Brown DL, LeRoy AJ (2007) Radiation exposure
and pregnancy: when should we be concerned? Radiographics
27(4):909-918

Menees TO, Holly LE (1932) The ossification in the extremities
of the newborn. Am J Roentgenol 28:389-390

Nazario AC, Tanaka CI, Novo NF (1993) Proximal humeral ossi-
fication center of the fetus: time of appearance and the sensitivity
and specificity of this finding. J Ultrasound Med 12(9):513-515
Noback CR (1944) The development anatomy of the human
osseous skeleton during the embryonic, fetal and circumnatal
periods. Anat Rec 88:91-117

Ogden JA, Conlogue GJ, Jensen J (1978) Radiology of postna-
tal skeletal development: the proximal humerus. Skeletal Radiol
2:153-160

Paterson RS (1929) A radiological investigation of the epiphyses
of the long bones. J Anat 64:28-46

Stempfle N, Huten Y, Fredouille C, Brisse H, Nessmann C
(1999) Skeletal abnormalities in fetuses with Down’s syn-
drome: a radiographic post-mortem study. Pediatr Radiol
29(90):682-688

Ulla M, Aiello H, Cobos MP, Orioli I, Garcia-Moénako R, Etch-
egaray A, Igarzabal ML, Otario L (2011) Prenatal diagnosis of
skeletal dysplasias: contribution of three-dimensional computed
tomography. Fetal Diagn Ther 29:238-247

Victoria T, Epelman M, Coleman BG, Horii S, Oliver ER,
Mahboubi S, Khalek N, Kasperski S, Edgar JCh, Jaramillo D
(2013) Low-dose fetal CT in the prenatal evaluation of skeletal
dysplasias and other severe skeletal abnormalities. Am J Radiol
200(5):989-1000

Victoria T, Shakir NU, Andronikou S, Edgar JC, Germaine
P, Epelman M, Johnson AM, Jaramillo D (2016) Normal fetal
long bone length from computed tomography: potential value in
the prenatal evaluation of skeletal dysplasias. Fetal Diagn Ther
40(4):291-297

Zoetis T, Tassinari MS, Bagi C, Walthall K, Hurtt ME (2003)
Species comparison of postnatal bone growth and development.
Birth Defects Res B 68:86-110


http://dx.doi.org/10.1007/s00276-016-1640-y
http://dx.doi.org/10.1007/s00276-016-1640-y

	Ossification center of the humeral shaft in the human fetus: a CT, digital, and statistical study
	Abstract 
	Purpose 
	Materials and method 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	References


