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ABSTRACT

Objective: This study aimed to summarize our experience with modified drilling epiphysiodesis and prediction methods for accurate
timing of surgery and to compare the results with those of recent work by other authors.

Methods: The Macnicol and Gupta modified drilling technique was used. Distal femoral and/or proximal tibial permanent epiphysiodesis
was performed in 42 children (21 boys, 21 girls; median age at surgery=12.6 years, age range =9.4-15.4 years) between 2004 and 2016.
Based on the groundwork of previous studies, we developed an auxological prediction method. The limb length discrepancy (LLD) was
assessed by clinical examination and verified by an x-ray of the hips when standing with blocks under the shorter leg.

Results: The predicted shortening was 2.7 cm + 1.1 cm. The final discrepancy after finishing skeletal growth was 0.5 + 0.5 cm. In 26
patients (61.9%), equalization of both legs was achieved (0-0.5 cm). In 4 patients (9.5%), the remaining shortening was more than 1.0 cm.
Shortening of an initially longer leg occurred in two patients (0.5 cm and 0.6 cm). Failure of growth plate arrest was observed in 1 patient.
In another 3 patients, the efficacy of tibial epiphysiodesis was unsatisfactory. Minor complications occurred in 5 cases, but there was
no evidence of angular deformity in the frontal and sagittal planes or proximal fibula overgrowth. Three patients (7.1%) returned to the

operating room. Compared to published data, more patients achieved complete equalization of leg length.

Conclusion: The results of this study verified the accuracy of the auxological prediction algorithm of LLD based on Shapiro’s findings. The
surgical outcome is comparable between Shapiro patterns 1 and 3. Auxological examination, assessment of bone age, and sexual matura-

tion are crucial tools for accurate timing of surgery.

Level of Evidence: Level IV, Prognostic Study.

Introduction

Limb length discrepancy (LLD) is a common problem
in pediatric orthopedics. Only 25%-50% of adults have
equal lower extremity lengths,' and United States and
Swedish studies show that one-third of the popula-
tion has LLD of >1 cm.** Knutson® analyzed x-ray
data regarding LLD from online databases and found
anatomic inequality in 90% of cases, with a mean dif-
ference of 5.2 mm (SD 4.1 mm), in concordance with
older anthropological studies.®

Limb length discrepancy has been discussed as
both a biomechanical impediment and a predispos-
ing factor for associated musculoskeletal disorders,
gait asymmetry, and low back pain.*”® Knee osteoar-
thritis is associated with LLD > 1 cm.® Limb length
discrepancy can be congenital or acquired,” but
shortening is more common than overgrowth.* In
the POSNA study guide, LLD > 2 cm is the threshold
for initiating treatment,*'* and a difference of 2-4 cm
is treated conservatively or surgically.* Based on our
30 years of clinical experience, epiphysiodesis is the

treatment of choice in cases with a predicted final
shortening of 2-5 cm or overgrowth of 2-6 cm. After
growth completion, acute shortening osteotomy of
the longer lower extremity is indicated, for a final
shortening of 3-4 cm.

Here, we focus on correcting limb discrepancies of
>2 cm by epiphysiodesis. Phemister'? first described
an open procedure in 1933. Since then, several dif-
ferent mini-invasive techniques have been developed
for growth suppression, including physeal stapling,*®
transphyseal screws,'* and physeal drilling and curet-
tage.'®! We have many years of experience in treating
uneven limb length using the Ilizarov method and epi-
physiodesis with a modified Macnicol’s technique,*
by drilling the growth plate. Proper epiphysiodesis
timing is critical for successful correction. Clinical
measurement of LLD is performed with the patient
standing on a block, and findings of LLD should be
verified by radiographic and/or other imaging docu-
mentation, e.g., tele-roentgenograms, ortho-roent-
genograms, scanograms, computerized tomography

scans, and ultrasonography.’
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Figure 1. Limb length discrepancy (LLD) type I and type III developmental patterns
according to Shapiro.

Limb length discrepancy size and shortening development depend
on the nature of conditions causing the discrepancies and the age
at which they occurr.**? Shapiro* elaborated a classification system
comprising 5 LLD developmental patterns. In type I (upward slope
pattern), LLD continually increases during growth at the same pro-
portionate rate, such that the relationship between affected and
unaffected segments remains constant. This pattern is most fre-
quent in congenital defects. In type II cases (upward slope-decel-
eration pattern), the discrepancy initially increases as in type I,
but the progression of shortening/overgrowth ceases. This pattern
occurs in some patients with Beckwith Wiedemann syndrome.
In type III (upward slope-plateau pattern), the difference in limb
length initially increases with time, but then stops changing (e.g.,
in cases of overgrowth after fracture or inflammation). Types IV
(upward slope-plateau-upward slope) and V (upward slope-pla-
teau-downward slope) occur less frequently. If we assume that the
discrepancy would increase until growth ceases in all patients,
this would lead to an overestimation of shortening and overcor-
rection in types II-V. Thus, in the present study, we simplified this
classification and distinguished types I and III (Figure 1). All cases
in which the LLD remained stable, according to anamnestic data
and during our follow-up, were considered type III.

Our prediction method was based on the groundwork of Moseley
and Shapiro and combined auxology, anthropometry, and radiol-
ogy,'*" using the remaining growth charts of the lower extremities
by Anderson et al,”” bone age by Greulich Pyle (GP),** and the Tanner
Whitehouse 3 (TW3) method.? In this study, our main aim was to
evaluate the effect and safety of modified drilling epiphysiodesis.

H I G HULTIGHT S

The authors introduced mini-invasive epiphysiodesis by modified drilling
Macnicol and Pattison technique in 1993 and verified accuracy of their own
auxological prediction method (algorithm of prediction) for children with
lower extremity length discrepancy (LLD).

Comparing with published data, more patients achieved full equalization of
leg length.
The modified drilling epiphysiodesis provides minimal invasion, low morbid-
ity and satisfactory leg-length equalization.
According to authors” experience predicted remaining growth of proximal
tibia > 2.0 cm is indication for coincident epiphysiodesis of proximal fibula.

+  Auxological examination, assessment of the bone age and sexual maturation
are crucial tools for accurate timing of the surgery.

Secondly, we aimed to validate the prediction algorithm and accu-
racy improvement of the surgery timing.

Materials and methods

Patients

This retrospective study included a group of 42 children (21 boys, 21
girls) with LLD, who underwent total permanent epiphysiodesis of
the distal femoral physis and/or proximal tibia during 2004-2016. The
inclusion criteria were LLD > 2.0 cm, and open growth physes (pre-
dicted remaining limb growth of >1.5 cm). Patients with osteochon-
drodysplasias were excluded. This study protocol was approved by
the Ethics Committee of Ambulant Centre for Defects of Locomotor
Apparatus (ACDLA) in Prague (Approval No: 2018/002, Date: March
10, 2018). Informed consent was obtained from the guardians of all
participants. With the exception of 2 children, the patients were
followed for over 2 years before epiphysiodesis. Table 1 lists the
causes of uneven limb length. The patients were 9.4-15.4 years of age
(median: 12.6 years) at the time of surgery.

Six patients (14.3%) underwent epiphysiodesis in the femur and 7
(16.7%) in the tibia, and 29 (69%) had a combination. Four patients
required 2 sessions. A total of 35 distal femoral and 36 proximal tibial
epiphysiodeses were performed. To prevent fibula overgrowth, con-
comitant epiphysiodesis of the proximal fibula was performed in
cases where the estimated remaining growth of the proximal tibia
was >2.0 cm (n=7).

LLD assessment

Limb length discrepancy was assessed by clinical examination and
verified by xray of the hips, with the patient standing with blocks
under the shorter limb before surgery and after growth completion.
In patients with increasing discrepancy (type I by Shapiro), tele-
roentgenograms were obtained.

Surgical method

Our team is familiar with the drilling epiphysiodesis technique
described in 1997 by Macnicol and Gupta.”® We use a modified drill-
ing epiphysiodesis that is identical in principle to the technique intro-
duced into clinical practice by Macnicol in 1993, to avoid incision on
either side of the limb, as described by Phemister in 1933 or Canale
and Christian in 1990." The corresponding author learned this
technique from Mr. Macnicol at the Princess Margaret Orthopedic
Hospital in Edinburgh in 1993. We modified their original manual
tube saw technique.

Table 1. Causes of congenital and acquired shortenings or overgrowth, and
developmental patterns, among patients followed and treated during 2004-2016

Number of patients  Type of developmental pattern
Il (n=4),1(n=1)
III
I(n=4), 1l (n=3)
I(n=2), 1l (n=4)
III
I(n=3), I (n=4)
I
1T
I
I
1
1

I (n=19), Il (n=23)

Diagnosis
Clubfoot 5
Perthes, pseudoperthes

Leg hyperplasia

Leg hypoplasia

Septic arthritis
Hemiparesis
Angiodysplasia
Overgrowth after fracture
Tibial bowing

NF1

Fibular hemimelia

NN R R R W NN NN

other
Total

>
S
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Figure 2. X-rays of the knee joint during total drilling epiphysiodesis by the
modified technique according to Macnicol and Gupta. (A, B) Anteroposterior
projection of the distal femoral physis. (C) Lateral projection during epiphysiodesis
of the distal femoral and proximal tibial physis. (D) Lateral projection of the
remodeled bone bridges 3 months after surgery.

To perform permanent distal femoral and proximal tibial epiphysio-
desis, the growth plate was drilled using a cannulated drill (diam-
eter: 0.8 cm) on a K-wire (diameter: 0.2 cm) in the frontal plane, and
the openings were widened (diameter: 1.4 cm) using the original
Kiintscher manual milling machine under x-ray intensifier control
(Figure 2A-C). To perform epiphysiodesis of the proximal fibula, the
growth plate was drilled with a cannulated drill (diameter: 0.8 cm) on
a K-wire in the frontal plane. Openings were filled in with bone and
cartilage debris and collagen sponge to stop bleeding and stimulate
bone bridge healing (Figure 2D).

Immediately after surgery, all patients received 3 doses of antibiot-
ics as prophylaxis against pyogenes aureus). Painkillers were admin-
istered individually. Orthotic fixation was also used to relieve pain
when necessary. The incidence of complications was ascertained
from clinical records.

Prediction algorithm

Figure 3 presents and summarizes the LLD prediction algorithm and
timing of the surgery. The first step was to determine the develop-
mental pattern (type I or III, according to Shapiro), based on long-
term follow-up (>2 years), anamnestic data, and diagnosis (Table 1).
In type I cases (19 patients), the final shortening was predicted using
an arithmetic method based on the ideas of Amstutz,* Moseley,'” and
previous publications.?** We predicted the final height and, from
this, predicted the long bone length (femur or tibia) on the unaffected
side. We then calculated the affected long bone length by assuming
a constant ratio of affected to unaffected side. In type III cases (23
patients), we assumed that shortening would not change. A predicted
discrepancy (PD) was assessed before surgery.

Bone age*** was evaluated before surgery, and remaining growth
was predicted according to Anderson et al.* Final discrepancy (FD)

was evaluated by x-ray with the patient standing and compared to
PD. Real improvement (RI) was calculated as the difference between
predicted and residual shortening and was compared to expected
remaining growth (ERG), according to Anderson et al.?* The RI/ERG
ratio expresses the efficiency of epiphysiodesis. Analyses were per-
formed by a statistician Stata software version 15.0 (Stata Corp.; LLC,
USA) was used for statistical analysis. A P value of <.05 was consid-
ered significant.

Results

The PD was 2.7 cm + 1.1 cm (median: 2.4 cm, range: 2.0-7.0 cm). The
FD after surgery, assessed after finishing skeletal growth (mean of
3.3 years after surgery), was 0.5 + 0.5 cm (median: 0.5 cm, range:
0-1.5 cm). The discrepancy was significantly lessened after surgery (P
< .0001) (Table 2). Limb equalization (0-0.5 cm) was achieved in 26
patients (61.9%). In 4 patients, the remaining shortening was >1 cm.
Shortening of the initially longer limb occurred in 2 patients (0.5 and
0.6 cm). The results did not differ between sexes.

As expected, the PD was greater in patients with Shapiro type I than
type III, as type III often occurs in congenital defects with a more
favorable course or in acquired defects (e.g., fracture overgrowth,
Perthes disease, etc.). Surgery was planned so that the expected
remaining growth would be equal to the PD. Thus, the remaining
growth also differed between the groups. However, the final dis-
crepancy did not differ between types I and III. The real improve-
ment (2.3 + 1.1 cm) was lower than the expected remaining growth
(2.7 £ 1.2 cm) in both types I and III. Although the difference did not
reach the 5% significance level, it warrants attention from a clini-
cal perspective. The ratio between the actual improvement and the
expected remaining growth (efficacy of epiphysiodesis) did not dif-
fer between types I and III. Failure of growth plate arrest occurred
in 1 patient. In one case, tibial epiphysiodesis failure was compen-
sated by femoral epiphysiodesis. In another 3 patients, tibial epi-
physiodesis had unsatisfactory efficacy (<50%). Table 3 compares
cases where either only the tibia or the femur was operated. The
results were worse following proximal tibial epiphysiodesis than
distal femoral epiphysiodesis. Patient age did not differ between the
2 groups.

Minor complications occurred in 5 cases, including prolonged tran-
sient contracture (n=1), hemarthrosis (n=2), and edema (n=2).
Three patients (7.1%) returned to the operating room for a second
epiphysiodesis (n=2) and drainage (n=1). Patients stayed in the
hospital for 2 days after epiphysiodesis. All patients achieved a full
range of motion of the knee joints by 4-6 weeks after surgery. Patients
returned to school 2-4 weeks after surgery and were able to exercise
and participate in sport activities 2 months after surgery. None of the
children exhibited evidence of angular deformity in the frontal and
sagittal planes, or proximal fibula overgrowth.

Discussion

During the last 2 decades, mini-invasive epiphysiodesis during the
growing period has become the method of choice for management of
LLD between 2 and 5 cm.*10:23:2627

The modified drilling epiphysiodesis technique' requires experi-
ence with pinpoint prediction of remaining growth. Therefore, many
orthopedic surgeons prefer temporary epiphysiodesis using epiphy-
seal stapling and transphyseal screws," which do not require precise
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The Prediction Algorithm of LLD and Timing of Surgery

Clinical examination, diagnosis, anamnesis:
Has the difference changed during last twoyears?

no

yes

Typelll
The difference is
probably final

affected and unaffected segment

Typel
The difference increases

continually, ratio between

remains stable

Prediction of adult height TW3
(Tanner et al., 2001

Prediction of the length of the
bones on the unaffected side
L1 = predicted height X coef.
(McCammon, 1970)

Follow-up

Teleroentgenograms of the
lower extremities
Determination of the ratio (r)
between contralateral segments

Prediction of the affected segments

L2 = L-| Xr
Prediction of the difference
L, -L,

y

Bone age
(Greulich & Pyle, 1951;
Tanner et al., 2001)

Bone age
(Greulich & Pyle, 1951;
Tanner et al., 2001)

Timing of the surgery
Remaining growth (Anderson, Green & Messner, 1963)
Specification according to sexual maturation

Figure 3. Prediction algorithm of limb length discrepancy (LLD) and timing of surgery.

prediction of remaining growth. However, the patient must undergo
another surgery for extraction of staples or screws. Moreover, if epi-
physiodesis is performed too early before growth stops, the so-called
rebound phenomenon is likely after instrumentation removal. In
other cases, the risk of irreversible growth plate damage should be
considered.*

Permanent drilling epiphysiodesis has the advantages of easier per-
formance and one-stage surgery. Since the beginning of the 21st cen-
tury, epiphysiodesis outcomes have improved.**** Cain,*' Lee et al,*
and Makarov* found that no current method accurately predicts the

final LLD at maturity with surgery. However, all methods are suf-
ficiently effective. Based on Kemnitz criteria,?® 40 patients (95.2%)
experienced good results, while 2 (4.8%) had satisfactory results (dis-
crepancy of 1.5 cm).

Two publications present detailed comparisons of screw versus drill
and curettage epiphysiodesis for correcting LLD.*** Babu et al**
reported an FD of 1.2 cm for the drilling method, and 1.4 cm for
Métaizeau screw epiphysiodesis. The second study®® showed an FD
of 1.0 cm for both methods. Our present results confirmed the safety
of the modified drilling epiphysiodesis method and demonstrated a

158



Krawczyk et al. / Acta Orthop Traumatol Turc 2024; 58(3): 155-160

Table 2. Results of epiphysiodesis in patients with type I and III limb length
discrepancy (LLD) development

Type I Type III
All (n=42) (n=19) (n=23) P value**
Predicted discrepancy 2.7 £ 1.1% 34+13 2.2+0.3 .0002
Final discrepancy 0.5+ 0.5* 0.6 £ 0.5 0.4+05 .2479
Expected remaining growth 2.7 + 1.2 33+14 2.1+0.5 .0006
Real improvement 23+ 1.1 29+13 1.8+04 .0012
RI/ERG 090+0.3 0.88+0.21 0.91+0.32 7731

Results are given as mean + SD.

RI/ERG is significantly less than 1 (P < .05 by 1-sample -test).

RI, real improvement (difference between predicted and final shortening/overgrowth); ERG, expected
remaining growth; RI/ERG, ratio of real correction relative to desired correction.

*Difference between PD and FD is significant (P < .01 by independent t-test).

**Comparing type I versus type III (independent t-test).

Table 3. Comparison of the surgical results between distal femoral and proximal
tibial epiphysiodeses

Femur Tibia P value*
Number of patients 6 7
Predicted discrepancy 2.0+0.2 24+05 .166
Final discrepancy 0.2+0.3 0.7 +£0.5 .023
Expected remaining growth 1.9+ 0.6 24402 .103
Real improvement 21+04 1.7 +£0.7 .190
RI/ERG 1.2+04 0.7 +0.3 .045

Results are given as mean  SD, unless otherwise noted.

RI, real improvement (difference between predicted and final shortening/overgrowth); ERG, expected
remaining growth; RI/ERG, ratio of real correction relative to desired correction.

“Independent 2-sample t-test.

more favorable FD of 0.5 cm. In 38 patients (90.5%), epiphysiodesis
results were satisfactory (residual discrepancy < 1 cm). In contrast to
previous studies,** we did not observe significant over-corrections,
presumably because our prediction algorithm differentiates patients
according to developmental patterns.” Our results are almost identi-
cal to those presented by Macnicol and Gupta in 1997, whose prin-
ciple of operation technique we adopted.*

All prediction methods, including the currently most popular Paley’s
multiplier method,*® are based on the assumption that the shorter
limb’s growth potential is permanently reduced, and the affected-to-
unaffected segment ratio remains constant. This is true for Shapiro
type I. However, in the Shapiro type III patient group, the difference
stopped changing, and we assumed normal growth dynamics in both
limbs. If this assumption were incorrect, type III patients would have
worse treatment outcomes. Table 2 shows that the type I and type III
groups did not differ in final discrepancy or treatment efficacy.

The improvement (difference between predicted and final shorten-
ing) was less than the predicted remaining growth; thus, the epiphys-
iodesis efficacy was 90%. This discrepancy may be explained by the
prediction method and surgery timing, the surgical technique itself,
or both. We verified that the overall lower efficacy was not caused by
the smaller PD in type III cases.

On the other hand, this result could be caused by overestimation of
the remaining growth. We evaluated the results of the first epiphys-
iodesis in 2000-2003 and ascertained that the remaining growth was
overestimated in charts by Pritchett,”” whereas charts by Anderson
et al* resemble our current population. Birch et al*® also showed that
the distribution of remaining growth resembled the Anderson-Green
charts.?” Notably, precise prediction of remaining growth is hindered
by the physiological variability of growth. We attempted to improve
the accuracy by evaluating sexual maturation and growth curves.

One cause of incomplete equalization of the limbs was the late
indication of surgery and advanced bone age. On the other hand,

comparing the surgical results between distal femoral and proximal
tibial epiphysiodesis (Table 3) revealed that proximal tibial epiphysio-
desis had lower efficacy (RI/ERG). Failure of growth plate arrest was
observed in one tibia, and tibial epiphysiodesis efficacy was unsatis-
factory in another 3 patients. Ilharreborde et al.*” reported a similar
experience. This difference may be related to anatomical conditions,
surgical technique, growth plate regenerative capacity, or proximal
tibia growth rate. Notably, the bone bridge forms for 3-4 months after
surgery, and some residual growth can occur after the operation.
The present incidence of complications was in concordance with
the report by Troy et al,*® who also demonstrated that different tech-
niques exhibit similar efficacy with minimal differences in outcomes.

Limitations of this study include its retrospective design, and lack of
assessments of pain, operative time, and cost. The strengths of this
study are that our modified drilling technique is mini-invasive, with
low morbidity and satisfactory limb length equalization. Moreover,
our auxological prediction method provides efficient results com-
pared to published data.**** Improved limb equalization was achieved
due to follow-up before surgery and monitoring of puberty. Drilling
epiphysiodesis of the proximal fibula, which was performed to pre-
vent fibula overgrowth in 7 cases where the estimated remaining
growth of the proximal tibia was > 2.0 cm, has not been mentioned
in the reviewed literature.

In conclusion, 90.5% of patients had a residual discrepancy not
exceeding 1 cm, and more patients achieved complete equalization
than in previous studies. Efficacy was lower following drilling epi-
physiodesis of the proximal tibial growth plate compared to drilling
epiphysiodesis of the distal femoral growth plate. The modified tech-
nique provides minimal invasion with reliable results and minimal
morbidity after surgery. We consider the modified technique the
method of choice for correcting LLD of 2.0-6.0 cm.
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