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Abstract

Growth arrest at the secondary growth plate, also known as the acrophysis, is a rare phenomenon with only very few known
published case reports. We report on a case of formation of ghost secondary ossification centers at the acrophyses of the knee joint
in a 14-year-old female, who survived early childhood acute lymphoblastic leukemia. The patient suffered from severe side
effects from both disease and subsequent treatment strategies with a 10-month immobilization period as a consequence at the age
of 3 years. The ghost secondary ossification centers were encountered on radiographs and MRI 10 years later, when she presented
for evaluation of chronic pain in her left knee related to sports activities, due to a meniscal cyst. Awareness of this phenomenon is
nevertheless important, because it seems that endochondral bone growth recovery at the acrophyses might be different from

recovery in physes, because we found no concomitant sequelae of growth arrest in the metaphyses.
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Introduction

Over the years, the curability of acute lymphoblastic leukemia
(ALL) in children has improved to ~90% due to intensive
therapy strategies [1]. These treatment strategies, consisting
of multi-agent osteotoxic chemotherapy including also high
doses of glucocorticosteroids, as well as low vitamin D levels,
poor nutrition and low muscle mass, and the ALL itself, how-
ever, may all contribute to secondary, multifactorial impair-
ment or even arrest of bone growth and significant bone mor-
bidity [2].

Both acute and chronic skeletal abnormalities such as os-
teoporosis, insufficiency fractures, and osteonecrosis are
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among the most prevalent adverse sequelae, occurring during
or shortly after finishing ALL treatment [3, 4].

Normally, altered temporal impairment of bone growth,
whether caused by general illness, treatment, or local trauma,
becomes evident as Harris growth arrest lines on radiographs,
paralleling the epiphyseal growth plate in the proximal and
distal metaphyses and diaphyses of rapid growing long bones
[5]. These lines reflect a slowdown in normal endochondral
ossification resulting in dense, more transversely oriented
bony trabeculae [6, 7].

Endochondral ossification takes place not only at the zone
of provisional calcification in the primary growth plate also
known as physis, but also in the same zone surrounding the
secondary ossification center (SOC) in the secondary growth
plate, also known as the acrophysis. The acrophysis encom-
passes not only the epiphysis, but also the apophyses and
carpal and tarsal centers as well as sesamoids such as the
patella [8]. Therefore, growth arrest lines may appear not only
in metaphyses, but also in the SOC, paralleling the hemispher-
ical form of the SOC, thus representing a “ghost” of the SOC
as it was at the time of the insult to normal endochondral bone
growth. To the best of our knowledge, we report the first case
of persistent ghosts of the acrophysis of the distal femur, prox-
imal tibia, and patella in a long-term survivor of acute lym-
phoblastic leukemia (ALL) probably caused by underlying
multifactorial causes of bone morbidity.
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Case

A 14-year-old Caucasian female consulted our department of
orthopedic surgery for a second opinion on chronic pain at the
lateral side of her left knee existing for 6 months, preventing
her from further participation in sports activities at school.
Conventional radiographs (CR) of both knees showed sclerot-
ic delineated radiolucencies with sparse intralesional trabecu-
lae in the epiphyses of both knees and the patellae, following
the contour of the former shape of the SOC of a, at a rough
estimate, 3- to 4-year-old child (Fig. 1). A subsequent MRI of
her left knee was performed to rule out intra-articular pathol-
ogy. The presence of a meniscal cyst at the anterior horn of the
lateral meniscus could explain the pain in the knee. In addi-
tion, a line of low signal delineating the former SOC of the

Fig. 1 a—d PA weight-bearing
and lateral conventional radio-
graphs of both knees. Arrows in-
dicate epiphyseal/acrophyseal
growth arrest lines, outlining the
former SOC
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epiphyses and patella was seen on T1-weighted and proton
density, non-fat saturated images, abutting the still not
completely closed primary growth plate of all bones. The for-
mer SOC had clearly higher internal fat signal intensity than
the surrounding epiphysis on T1-weighted and PD images and
displayed only sparse internal trabeculation (Fig. 2). Neither
CR nor MRI showed any signs of persistent metaphyseal
growth arrest/recovery lines or other additional bone
pathology.

The patient had an extensive past medical history. At the
age of 3, she suffered from pre-B-ALL, non-high-risk, treated
with a standard multi-agent Dutch Child Oncology Group-
ALLI10 protocol, including vincristine, L-asparaginase, and
high doses of dexamethasone with additional intrathecal triple
therapy resulting in complete remission at day 40.
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Fig.2 a—b MRI of'the left knee. a
Coronal T1-weighted and b sag-
ittal PD-weighted images. The
former SOCs are clearly delineat-
ed by low signal intensity lines in
the epiphyses of the distal femur,
proximal tibia, and patella; all
SOCs display higher internal sig-
nal intensity than surrounding
bone marrow with sparse
trabeculation. Notice the absence
of low signal intensity growth
recovery/arrest lines in the
metaphyses

Unfortunately, she developed a syndrome of inappropriate
antidiuretic hormone secretion (SIADH) as a side effect of
vincristine and treatment was further complicated by pneumo-
nias and therapy-resistant candidiasis of the liver resulting in a
long stay at the intensive care unit as a result. Due to these
severe side effects, it was decided to turn away from the stan-
dard protocol after day 40 and switch to maintenance therapy
with additional mercaptopurine and methotrexate, which was
stopped 2 years after diagnosis. She was bedridden during at
least 5 months after the onset of ALL, and her medical records
did not show any increase in her length and weight during an
even longer period of 10 months.

Neither brain radiation nor stem cell therapy was part of the
therapy regimen. A chest radiograph showed collapse of sev-
eral thoracic vertebrae at diagnosis and despite calcium and
vitamin D supplementation, she suffered from an insufficien-
cy fracture of her left femur as a result of stumbling, 8 months
after diagnosis of ALL. A dual-energy X-ray absorptiometry
(DXA) scan was then performed and showed a bone mineral
density (BMD) of 0.271 g/cm2 at the level of the L1 to L4
vertebrae, with a Z-score of —4.4, consistent with a very se-
vere loss of BMD. The femur neck could not be measured at
that time. Unfortunately, at 14 and 20 months after diagnosis
she represented with insufficiency fractures of her right femur
and both lower legs respectively, all as a result of minor trau-
matic events. Soon after the second event, intravenous
pamidronate (bisphosphonate) therapy at a dose of 3 mg/kg
was started at an interval of once per 3 months. A new DXA,
performed after almost 2 years of therapy, showed a clear
increase of the lumbar BMD to 0.533 g/cm?® with a Z-score
of 0.5, consistent with a BMD increase of 96.5% and the
pamidronate was stopped. Despite all complications, the
ALL responded well to the therapy strategy and fortunately
she has been disease free ever since. At the age of 10, she

underwent a thorough medical control on long-term effects
of childhood cancer, with complete normal outcomes as a
result, especially concerning length, weight, and calcium and
vitamin D levels. Further history was unremarkable until the
pain in her left knee prevented her from attending sports ac-
tivities at the age of 13 and urged her to visit an orthopedic
surgeon.

Formal oral and written permission to publish this case was
obtained from the patient and her parents.

Discussion

From early embryonic development until closure of the
growth plates, membranous and endochondral bone growths
are the two main types of ossification. In membranous bone
growth, bone directly arises from a membrane, consisting of
sheaths of mesenchymal cells. This type of bone growth gen-
erally takes place in flat bones, but also occurs from perioste-
um on the surface of the diaphysis of long bones and from the
peripheral fibrochondrous ring encircling the primary growth
plate. In endochondral bone growth, cartilage is gradually
replaced by bone at places where cartilaginous growth plates
have been formed. [9]

In children, a primary cartilaginous flattened growth plate
and a secondary, more (hemi)spherical cartilaginous growth
plate are responsible for longitudinal bone growth by endo-
chondral ossification. Both plates are located at the end of all
long bones. [10]

Endochondral bone growth responsible for an increase in
length almost exclusively occurs at the primary growth plate,
also called physis. The secondary growth plate, also known as
acrophysis, causes multidirectional growth of the SOC within
(Fig. 3). The term acrophysis was coined by Oestrich to
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Fig. 3 Schematic drawing of the knee representing the physes,
acrophyses, and secondary growth centers (SOC) in our patient at the
age of 3 years old

describe all growth plates in the skeleton other than physes
because of their location at the utmost extremity of bones. The
term acrophysis is therefore reserved for growth plates that
surround epiphyses and their apophyseal equivalents, tarsals,
carpals, and sesamoids [8].

Both the primary and the secondary growth plates display a
roughly identical zonal arrangement of chondrocytes, which,
in order of chondral morphology and maturation, consists of a
resting zone or germinal layer, followed by a columnar zone
of proliferating chondrocytes and subsequently a hypertrophic
zone, consisting of enlarged chondrocytes, which also secrete
amineralized extracellular matrix. Finally, these chondrocytes
die and the remaining matrix is replaced by differentiated
osteoblasts building up trabecular bone in the provisional zone
of calcification zone [11].

As a result of a local traumatic event or systemic conditions
such as severe infection, malnutrition, malignant diseases,
chemotherapy, or long-term immobilization, bone growth may
slow down or even stop in children [7]. The growth plate signif-
icantly narrows and the newly formed bone cannot form a normal
architecture of longitudinally oriented trabeculae. Instead, trabec-
ulae remain accumulated, pack together, and tend to form a
thickened transversely oriented layer in the metaphysis, reflecting
a slowdown of endochondral ossification inactivity of the primary
growth plate [6]. These metaphyseal layers may become apparent
on conventional radiographs as thin sclerotic growth arrest lines,
also known as Harris or Park lines, once longitudinal growth is
resumed [5, 6]. The longer the period of growth disturbance is, the
thicker the layer. Analogously, growth arrest may occur at the
acrophysis following the contour of the SOC, resulting in ghost
ossification centers once the growth resumes [8].

@ Springer

In case of our patient, the ALL and osteotoxic treatment
strategy, complicated by severe infections and a prolonged
period of 10 months of inactivity, caused significant bone
morbidity including severe loss of BMD accompanied with
multiple insufficiency fractures and evidence of total lack of
height gain at the age of 3 years [2, 12]. Our patient did not
receive cranial radiation or stem cell therapy, so potential
long-term effects on bone of these treatments could be safely
ruled out [2, 13]. The thick sclerotic lines as seen on CR in the
epiphyses and patellac of both knees 11 years after the insult
might well be consistent with persistent growth arrest lines.
Even more clearly, corresponding low signal intensity lines on
T1-WI and PD MRI were seen outlining the contours of the
former SOCs. This phenomenon has been previously de-
scribed as “ghost epiphyses,” as these lines outline the “ghost”
of the epiphysis at the time of the insult to the epiphysis, in
case of our patient roughly the size and morphology expected
in a female of 3 years old [8, 10]. Sparse case reports also refer
to epiphyseal ghosts in the knee but used the description
“intra-epiphyseal silhouettes” or “patellar growth arrest lines,”
when occurring years after long periods of immobilization due
to trauma or surgery in childhood [14, 15]. Other authors refer
to the existence of epiphyseal growth arrest lines in their pa-
pers on imaging of pediatric bone growth [16, 17]. Because
the acrophysis is not restricted to the epiphyses but is also seen
in other SOC, including the patella, the term “ghost SOC”
seems to be more appropriate.

We observed higher T1 and PD signal intensities with
sparse trabeculation in our patients’ ghost SOC on MRI com-
pared with normal-appearing signal intensities in the sur-
rounding epiphyses as well as the absence of metaphyseal
growth arrest lines. These observations were also described
by Yao et al. in their case presentation of two adults, both
suffering from long-term immobilization in their childhood
due to trauma and treatment of developmental dysplasia of
the hip respectively. They suggested that the relatively greater
rate of bone remodeling in metaphyses might explain the dis-
appearance of metaphyseal growth lines.

Thus, MRI shows evidence of failure of resumed normal
bone modeling in the ghost SOC. We hypothesize that hith-
erto unraveled differences between physeal and acrophyseal
endochondral bone growth processes as well as differences in
modeling capacities of the physis and epiphysis might under-
lie these observations. A study on acrophyseal and physeal
hypertrophic chondrocytes showing clear differences in the
molecular composition of the same cells at both locations
seems to support this hypothesis [18].

The persistent lack of trabeculation and the “empty” aspect
of the ghost SOC might, therefore, well reflect the appearance
of the SOCs at the time of the growth arrest or, even better, at
the precise moment of growth recovery, immediately follow-
ing the insult to the bone. The clear decrease in trabeculation
in the ghost SOC of our patient as seen on radiographs as well
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as on MRI can be linked to her very low BMD, measured on
DXA. Why normal bone modeling in the ghost epiphyses
could not be resumed after mobilization, bisphosphonate ther-
apy and recovery from the ALL, and normalization of BMD
as a result remains unclear.

In summary, we describe a rare case of persistent
acrophyseal growth arrest lines in a patient who suffered from
ALL as a child, complicated by long-term immobilization and
reviewed the sparse literature on reports of comparable cases.
All previous reported cases suffered from long-term immobi-
lization of the lower extremities in early childhood because of
trauma or due to operative procedures. Multifactorial causes
of bone morbidity might underlie these persistent “ghost”
SOCs. This probably warrants further studies on biochemical
processes underlying physeal and acrophyseal endochondral
ossification.

Acknowledgments We are very grateful to Sanne de Smet (Delft, the
Netherlands) and Frederik Bosmans (Antwerp, Belgium) for their help
in preparing the figures.

Compliance with ethical standards

Formal oral and written permission to publish this case was obtained from
the patient and her parents.

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Pui CH, Yang JJ, Hunger SP, et al. Childhood acute lymphoblastic
leukemia: progress through collaboration. J Clin Oncol.
2015;33(27):2938-48.

2. Mostoufi-Moab S, Halton J. Bone morbidity in childhood leuke-
mia: epidemiology, mechanisms, diagnosis and treatment. Curr
Osteoporos Rep. 2014;12:300—12.

3. Rayar MS, Nayiager T, Webber CE, Barr RD, Athale UH.
Predictors of bone morbidity in children with acute lymphoblastic
leukemia. Pediatr Blood Cancer. 2012;59:77-82.

4. te Winkel M, Pieters R, Hop WCJ, et al. Prospective study on
incidence, risk factors, and long-term outcome of osteonecrosis in
pediatric acute lymphoblastic leukemia. J Clin Oncol. 2011;29:
4143-50.

5. Harris HA. Lines of arrested growth in long bones in childhood. Br
J Radiol. 1931;4:561-88.

6. Park EA. The imprinting of nutritional disturbances on the growing
bone. Pediatrics. 1964;33:815-61.

7. Ogden JA. Growth slow down and arrest lines. J Pediatr Orthop.
1984:4(4):409-15.

8. Oestrich AE. The acrophysis: a unifying concept for enchondral
bone growth and its disorders. I Normal growth. Skelet Radiol.
2003;32:121-7.

9. Laor T, Jaramillo D, Oestrich AE (1998) Musculoskeletal system.
In: Practical pediatric imaging: diagnostic radiology of infants and
children. Lippincott-Raven, Philadelphia.

10.  Yao L, Seeger LL. Epiphyseal growth arrest lines. MR Findings.
Clin Imaging. 1997;21:237-40.

11. Mackie EJ, Ahmed YA, Tatarczuch L, Chen KS, Mirams M.
Endochondral ossification: how cartilage is converted into bone
in the developing skeleton. Int J Biochem Cell Biol. 2008;40(1):
46-62.

12. Ahn MB, Suh BK. Bone morbidity in pediatric acute lymphoblastic
leukemia. Ann Pediatr Endocrinol Metab. 2020;25(1):1-9.

13. Mostoufi-Moab S, Ginsberg JP, Bunin N, et al. Bone density and
structure in long-term survivors of pediatric allogeneic hematopoi-
etic stem cell transplantation. ] Bone Miner Res. 2012;27(4):760-9.

14.  Abraham A, Macnicol MF. Growth arrest lines and recurrent patel-
lar dislocation: a new sign. Knee. 2001;8:163-5.

15.  Kennedy JW, Irwin GJ, Huntley JS. Growth arrest lines and intra-
epiphyseal silhouettes: a case series. BMC Res Notes. 2014;7:27—
32.

16. Jaimes C, Chauvin NA, Delgado J, Jaramillo D. Diffusion-tensor
imaging of the growing ends of long bones: pilot demonstration of
columnar structure in the physes and metaphyses of the knee.
Radiology. 2014;273(2):491-501.

17.  Lerisson H, Tillaux C, Boutry N. Radiographic/MR imaging corre-
lation of the pediatric knee growth. Magn Reson Imaging Clin N
Am. 2019;27:737-51.

18. Shapiro F, Flynn E, Calicchio ML. Molecular differentiation in
epiphyseal and physeal cartilage. Prominent role for gremlin in
maintaining hypertrophic chondrocytes in epiphyseal cartilage.
Biochem Biophys Res Commun. 2009;390(3):570-6.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


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

	Acrophyseal growth arrest in a long-term survivor of acute lymphoblastic leukemia
	Abstract
	Introduction
	Case

	Discussion
	References


