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Preface

Nine years after publication of the first edition, we are pleased to present the second edition of
the Limb Lengthening and Reconstruction Surgery Case Atlas. The clinical work presented and
the amazing subspecialty of orthopedic surgery it represents has come a long way since our first
edition in 2015. Now well known internationally and in the USA, the limb lengthening
community is recognized as a distinct and critical area of orthopedics despite its apparent
overlap with other subspecialties. No longer entirely reliant on external fixators, we routinely
use internal fixation for complex deformity correction, lengthening, bone defect management,
and limb salvage. The precision we achieve in surgery is based on the core principles and the
new techniques that have been developed. The evolution to the new often borrows from the old
knowledge using circular external fixation. We have transitioned from the sole use of external
fixation to integrated techniques and to the frequent use of internal fixation. While we have a
variety of powerful tools available to tackle complex limb reconstruction cases, different
surgeons will use varying approaches and techniques based on both their preferences and
also the resources available in their locations. For that reason, none of the cases presented in this
book are out of date.

Techniques presented include classic circular external fixation, hexapod external fixation,
integrated techniques such as lengthening and then nailing (LATN), lengthening over a nail
(LON), bone transport over a nail, bone transport and then nailing, and fully internal techniques
of internal lengthening nailing, opening and closing wedge osteotomies with plates, deformity
correction with intramedullary nailing and blocking screws, plate-assisted bone segment
transport, and internal bone transport nail. Also included is amputation reconstruction with
osseointegration limb replacement.

The second edition of the atlas has a total of 481 cases in 6 sections presented in 3 volumes.

Limb Lengthening and Reconstruction Surgery Case Atlas—Trauma • Foot and Ankle—135
cases

Limb Lengthening and Reconstruction Surgery Case Atlas—Pediatric Deformity—152 cases
Limb Lengthening and Reconstruction Surgery Case Atlas—Adult Deformity • Tumor • Upper

Extremity—194 cases

We have found case-based learning to be especially enjoyable and educationally effective. As
orthopedic deformity surgeons, we are visual, practical, and creative. It is natural for most of us
to teach and learn by assembling a case for presentation.

The chapter format used in this case atlas mimics my own personal approach to evaluating
and treating a patient, which includes a detailed history and physical examination, analysis and
measuring radiographs, and synthesis of a problem list. This exercise enables analysis of a very
complicated case, first by breaking it down to its composite parts. The patient then becomes less
complicated enabling the formation of a treatment strategy based on principles to address all
component parts of the problem list. This often demands creativity and some courage but since
the plan is based on sound principles, it is less intimidating. With increasing experience, I have
been able to utilize technical tricks and these “pearls” are most helpful in surgery. I have learned
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to think a couple steps ahead and have a backup plan or two in order to avoid and manage
complications. I diligently document cases in a photo database to be used for patient and
colleague education as well as research. This has been my approach to limb deformity practice
over the last 25 years.

The format of this case atlas continues to be uniform and is aligned with my approach to
evaluating and treating patients. Each case/chapter contains this flow:

1. Abstract
2. Basic clinical history
3. Preoperative photos and x-rays
4. Problem list
5. Treatment strategy
6. Basic principles
7. Photos and x-rays during treatment
8. Technical pearls
9. Outcome photos and x-rays

10. Avoiding and managing complications
11. References and additional reading

I want to thank our brilliant contributors from around the world. With a large collection of
cases, the reader will be exposed to an array of limb lengthening and reconstruction surgery.
You will also notice similar cases presented by different authors who use differing approaches.
Our field has less uniformity and more creativity than our sibling subspecialties. Furthermore, I
want to thank my friends and co-editors, Reggie Hamdy, Austin Fragomen, and Mitchell
Bernstein and section editors, Taylor Reif and Jason Hoellwarth without whom this project
would not have been possible. I am pleased that this publication is endorsed by the Limb
Lengthening and Reconstruction Society (LLRS) of North America, an organization that we
have all been active in.

Additional gratitude goes to the fantastic Springer team, including Kristopher Spring who
helped initiate the project and our wonderful, energetic, and organized editorial team led by
Swetha Varadharajan. I also want to thank my mentors Dror Paley, John Herzenberg, Munjed
AlMuderis, Russ Warren, Tom Sculco, and David Helfet from whom I have learned so much. I
am grateful for having had the opportunity to teach and train many fellows and residents who
have taught and energized me over the last 25 years.

Finally, a special thanks to my wife, Yonina and my children, Jason and Nicole and Libby
and Brett whose love and encouragement make me smile and give me strength every day.

New York, USA S. Robert Rozbruch, MD
December 2024
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Booknotes

This book is part of a set consisting of three volumes:

Volume 1: “Pediatric Deformity”
Section: Pediatric Deformity – Reggie C. Hamdy and Jason S. Hoellwarth
Contents: Pediatric Lower Extremity Trauma

Growth Plate Injuries
Congenital Pseudarthrosis of the Tibia and Fibula
Congenital Lower Limb Deficiencies
Pediatric Blount Disease
Pediatric Arthrogryposis
Pediatric Skeletal Dysplasias
Pediatric Metabolic and Vascular Disorders
Pediatric Hip Deformities
Pediatric Foot and Ankle Deformities
Pediatric Chronic Osteomyelitis
Pediatric Rotational Deformities
Pediatric Rotational Deformities (Miserable Malalignment)

Volume 2: “Trauma • Foot and Ankle”
Section: Trauma – Mitchell Bernstein
Contents: Femoral Reconstruction

Tibial Reconstruction
Intentional Deformation Tibia
Bone Defect—Integrated Fixation
Acute trauma—External
Acute trauma—External Fixation
Bone Defect—External Fixation
Bone Defect—Internal Fixation
Malunion—External Fixation
Malunion—Internal Fixation
Nonunion—External Fixation
Nonunion—Internal Fixation
Osteomyelitis
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Section: Foot and Ankle – Austin T. Fragomen
Contents: Ankle Arthrodesis

Charcot Neuroarthropathy
Complex Foot Deformity
Contracture
Distraction Arthroplasty
Metatarsal Reconstruction
Supramalleolar Osteotomy (SMO)

Volume 3: “Adult Deformity • Tumor • Upper Extremity”
Section: Adult Deformity – S. Robert Rozbruch
Contents: Internal Lengthening Nail

Femoral Deformity
Tibial Deformity
Multiple Segment Deformity
Integrated Fixation
Hip
Knee
Knee Fusion
Bone Defect
Amputation Reconstruction

Section: Tumor – Taylor J. Reif
Contents: Benign Bone Tumor

Malignant Bone Tumor
Failed Initial Treatment
Sequela of Resection

Section: Upper Extremity – John E. Herzenberg
Contents: Upper Limb: Humerus

Upper Limb: Humerus
Upper Limb: Elbow and Forearm
Upper Limb: Hand and Wrist
Upper Limb: Trauma
Upper Limb: Amputation

x Booknotes
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Principles of Deformity Correction

Reggie C. Hamdy1 and S. Robert Rozbruch2

1Department of Pediatric Surgery, Shriners Hospital - Canada, Montreal, QC, Canada
2Department of Orthopedic Surgery, Hospital for Special Surgery, New York, NY, USA

Patients with lower limb deformities constitute a large proportion of referrals to both pediatric and
adult orthopedic clinics. A practical approach to assessing and treating lower limb deformities
should include four distinct steps.First, knowwhat is normal: determine if there a deformity or if it
is part of the normal development of the child. Second, define the characteristics of this deformity
(type, site, plane, andmagnitude).Third, decide if the deformity needs to be treated (depending on
the clinical picture). Fourth, generate a treatment plan. In this atlas, more than 300 cases of lower
and upper limb deformities of various etiologies are presented. A detailed analysis of these
deformities is a prerequisite for appropriate planning of surgical correction. This chapter presents
a practical approach to the assessment of lower limb deformities.

When a skeletally immature patient presents with a lower limb deformity, the first priority is
to rule out physiological “deformity.” Almost all newborn babies have a symmetrical angular
genu varum deformity of the legs that changes to a genu valgum deformity around 18–24
months of age. This partially corrects, gradually, until the age of 7–8 years old, when the adult
anatomic valgum value of 7� is reached (Fig. 1). Similarly, the vast majority of rotational
deformities in children (in-toeing and out-toeing) is physiological and usually corrects with age.
However, in some patients, these deformities are not physiological but secondary to patholog-
ical conditions (congenital or acquired) and should be fully investigated.

History taking. The presenting symptoms should be clearly identified: what is the reason for the
consultation? Is this a cosmetic or functional problem? What are the functional limitations this
deformity inflicts on the patient? Is pain present?What are the characteristics of this pain (when did it
start, is it acute or chronic, any associated symptoms, any systemic manifestations, what are the
relieving and precipitating factors, localization, radiation of the pain, character of the pain)?Are daily
activities affected? In certain conditions, such as skeletal dysplasias and metabolic disorders, other
nonskeletal systems may be affected, and it is important to recognize these. The patient may have
more than one deformity. It is imperative to identify which deformity (or deformities) is the cause of
the symptoms. It is also imperative to determine the cause of the deformity as this may have an
impact on the surgical planning. In skeletally immature patients, the deformity may be progressive.
This is especially true for partial growth arrest deformities. In addition, the possibility of recurrence
of the deformity after a successful correction has to be explained to the patient and family.

Physical examination is very important for the assessment of not only bony deformities but
also other musculoskeletal pathologies such as joint contractures and soft tissue problems,
including the condition of the skin and soft tissues surrounding the deformity. These factors will
have an impact in the decision-making process regarding acute versus gradual correction and
bony stabilization. A complete neurovascular assessment should be performed. More than one
type of deformity may be present, including angular (in frontal, sagittal, or oblique planes),
rotational, translational, axial (limb length discrepancy), or multiplanar deformity. The defor-
mities could be unilateral or bilateral and may be associated with other musculoskeletal
problems, as well as non- musculoskeletal problems. Physical examination is of specific
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importance in the identification and assessment of rotational deformities and limb length
discrepancies. For rotational deformities, clinical examination is usually sufficient to quantify,
plan, and correct the rotational deformity (Figs. 2 and 3). For a more precise measurement of
rotational deformities, a CT scan can be performed (Fig. 4). Plain X-rays may suggest a
rotational malalignment, but cannot quantify the magnitude of the deformity. For limb length
discrepancies, a wooden block placed under the shorter leg to level the pelvis usually gives a
good clinical measure of the magnitude of shortening (Fig. 5). When there are angular
deformities in the limbs, it is important to differentiate true from apparent LLD (Fig. 6).
Each deformity should be identified and characterized separately in order to decide which
one (or ones) needs to be addressed and which need not be corrected.

Fig. 1 Normal age limits for physiological genu varum and genu valgum

Fig. 2 (a–d) (a) Normal rotational alignment of the lower limbs. (b)
Bilateral Internal rotation deformity of the lower limbs (in-toeing),
partly due to exaggerated femoral anteversion, as the patella are

“kissing” each other. (c) Right-side external rotation deformity due to
external tibial torsion (patella is pointing forwards). (d) Sitting position
showing external rotation deformity of the right tibia
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Radiological assessment of bony deformities should address six key questions:

– What is the plane of the deformity (frontal, sagittal, or oblique)?
– What is the direction of the deformity (varus/valgus, anterior/posterior)?

Fig. 3 Rotational alignment in the prone position. (a) Hip external rotation. (b) Hip in neutral position. (c) Hip internal rotation

Fig. 4 CT scan measurement of rotational profile, using transverse cuts through. (a) Proximal femur (femoral anteversion) – normal 12�.
(b) Distal femur (femoral condyle alignment). (c) Proximal tibia. (d) Distal tibia
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Fig. 5 Measurement of LLD with wooden blocks. (a) Without block, the pelvis is oblique. (b) With wooden block elevation equal to the LLD, the
pelvis is level. This method takes into consideration the heel height, but cannot be used in the presence of knee or hip contractures

Fig. 6 Causes of apparent limb length discrepancy
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– Which bone and/or joint is affected (femur, tibia, knee, or ankle joint)?
– Which segment of the bone is affected (epiphysis, metaphysis, or diaphysis)?
– Where is the apex of the deformity?
– What is the magnitude of the deformity?

The next step is to decide whether or not the deformity needs to be corrected. In other
words, what are the indications for surgery? The decision to surgically address a deformity
should take into consideration symptomatology, radiological assessment, the functional
limitations of that deformity, the potential psychosocial impact of surgery, and the ability of
surgery to improve these problems. In general, if function is affected, then surgery is
indicated. The goal of correcting any deformity is to improve function and restore normal
mechanical alignment of the lower limbs and thus prevent degenerative changes in the
articular cartilage.

Having decided to proceed with surgical correction of the deformity, the next question is
how to correct the deformity: is it by acute or gradual correction? If it is decided to
proceed with an acute correction, then what type of osteotomy should be performed:
closing, opening, neutral wedge, dome, or oblique osteotomy. One must consider how to
stabilize the osteotomy: by internal or external fixation. To increase the accuracy and ease of
acute correction, fixator-assisted plating or nailing techniques could be enlisted. The
second option is gradual correction of the deformities by either growth modulation (in
skeletally immature patients) or with external fixators or internal devices. The third option is
combined acute and gradual correction, where one or more deformities are acutely
corrected and then gradual correction is used for the remaining deformities, usually limb
length discrepancy.

Radiological Assessment of Lower Limb Deformities

The first step is to obtain appropriate X-rays of the entire lower limbs standing with patellae
pointing forward (usually the patella can be seen on the X-rays), as well as AP and lateral views
of affected bones.

The following parameters are analyzed:

(I) Mechanical and anatomical alignment of the whole lower
limb as well as that of individual bones

(II) Joint orientation lines
(III) Joint orientation angles
(IV) Apex of the deformity as determined by the CORA (center of rotation of angulation)

Mechanical Alignment of the Lower Limbs (Weight-Bearing)

Frontal Plane Alignment
Each long bone has two axes: mechanical and anatomical (Fig. 7).

The mechanical axis of a long bone is represented by a line joining the centers of the joints
proximal and distal to that bone. The anatomical axis passes through the center of the diaphysis
and is represented by a line joining the center of the transverse diameter of the diaphysis
through several points along the bone:

• Mechanical Axis of the whole lower limb (Fig. 7a).
– Is a straight line from the center of the femoral head to the center of the ankle or middle

of tibial plafond.
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– This is always a straight line.
– Falls just medial to the center of the knee (up until 8 mms).
– Measures varus/valgus angulation.

• Mechanical and anatomical axes of individual bones (Fig. 7b):
(a) Femur mechanical axis

From center of the femoral head to center of the knee (different from the anatomical axis)
(b) Femur anatomical axis

Is a mid-diaphyseal line: straight in the frontal plane
Curved in the sagittal plane

(c) Tibia mechanical axis
Line from the center of the knee to the center of the ankle

(d) Tibia anatomical axis
Mid-diaphyseal line

In the tibia, anatomical and mechanical axes are parallel and for practical purposes are the same
• Mechanical axis deviation (MAD) or malalignment (Fig. 8).

– Represents loss of colinearity of the hip, knee, and ankle in the frontal plane.
– Is the distance between the mechanical axis of the whole lower limb and the center of the

knee. Could also be expressed in percentage.

Fig. 7 (a) Mechanical axis of the whole lower limb. (b) Mechanical and anatomical axes of the femur and tibia
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– As mechanical axis falls medial to the center of the knee, MAD up to 8 mm is considered
normal.

– Any MAD greater than 8 mm (some authors consider 15 mm) medial to the knee center
is considered varus malalignment.

– Any MAD lateral to the center of the knee is considered valgus malalignment.
– In general, malalignment in the frontal plane is much more serious than in the sagittal

plane. The consequences of frontal plane malalignment on the knee (varus/valgus) are
well described and documented and may lead to degenerative osteoarthritis, while the
consequences of malalignment in the sagittal plane are less well defined. The knee joint
is a uniaxial joint allowing no motion in the frontal plane, and any degree of
malalignment in the frontal may be detrimental. That is not the case in the sagittal
plane, where motion in the sagittal plane occurs all the time during walking, sitting, and
other activities.

– MAD can occur secondary to bony deformities in the femur or tibia and joint deformities
in the knee or ankle (due to ligamentous laxity or joint incongruity such as medial
plateau depression in Blount’s disease).

Fig. 8 (a) Valgus mechanical axis deviation (valgus malalignment). (b) Varus mechanical axis deviation (varus malalignment)
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Sagittal Plane Alignment
Whole lower limb falls just in front of the center of the knee joint line (Fig. 9)

(a) Femur mechanical axis
From center of the femoral head to center of knee

(b) Femur anatomical axis
Is a mid-diaphyseal line: curved in the sagittal plane

(c) Tibia mechanical axis
Line from the center of the knee to the center of the ankle

(d) Tibia anatomical axis
Line from the anterior one fifth of the proximal tibia to the
center of the ankle joint

Joint Orientation Lines Assessment

This represents the relation of the joint axis to the anatomic and mechanical axis of a bone.
Joint orientation lines are drawn on both frontal and sagittal planes.

Fig. 9 Sagittal plane alignment. (a) Entire lower limb (falling through anterior part of the knee). (b) Anatomical axis of the femur (not a straight
line) and tibia (straight line). (c) Mechanical axis of femur and tibia
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Frontal Plane

(a) Hip joint orientation (Fig. 10a):
1. Trochanteric – femoral head line: line from the tip of greater

trochanter to center of the femoral head
2. Femoral neck line: line drawn from the hip joint center to

several points that bisect the diameter of the femoral neck
(b) Knee joint orientation:

Represents the relation of the knee joint line to the distal femur and proximal tibia
– Normally is in valgus 3�.
– This is the most important measurement.
– Represented by lines joining the two femoral condyles and a line joining the two tibial

plateaus. These 2 lines should be parallel (more than 2� considered abnormal and a
source of MAD).

– Joint line congruence angle (JLCA) is the angle between these two lines.
If not parallel, this is caused either by joint laxity (such as in children with achondro-

plasia) (Fig. 10b) or by articular surface incongruity (such in Blount’s disease with
depressed medial tibial plateau) (Fig. 10c).

Fig. 10 Joint Orientation lines in coronal (frontal plane). (a) Normal lines and alignement. (b) Varus malalignement due to ligamentous laxity.
(c) Varus malalignement due to joint incongruity
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(c) Ankle joint orientation:
– Line drawn along the tibial plafond
– Parallel to the floor or slight valgus (up to 8�)

Sagittal Plane

(a) Knee joint orientation (Fig. 11):
– A line drawn along the tibial plateau
– Normally 7–9� posterior slope

(b) Ankle joint orientation line:
– A line drawn through the most distal points of the anterior and posterior distal tibia
– Normally, about 7–10� anterior slope

Joint Orientation Angles

These are angles formed between the joint lines and either the mechanical or anatomic axis of
separate bones.

Fig. 11 Joint orientation lines in sagittal plane. (a) posterior slope of the tibial plateau (normal 7–9�) and anterior slope of the tibial plafond
(normal 7–10�). (b) Tibia recurvatum with anterior slope of 7�. (c) Tibia procurvatum with exaggerated posterior slope of 14�
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Frontal Plane (Fig. 12)
• LDFA (Lateral Distal Femoral Angle). This measures the angle between the distal articular

femoral surface and either the mechanical or anatomical axis of the femur. The distal femoral
articular surface is in slight valgus of one or two degrees when mechanical LDFA is
measured and in about 7� of valgus when the anatomical LDFA is measured (Fig. 12a).

• MPTA (Medial Proximal Tibial Angle). This measures the angle between the proximal
tibial articular surface and the mechanical or anatomical axis of the tibia. The proximal tibial
articular surface is in about 1 – 3� varus with both mechanical and anatomical axis.

• LDTA (Lateral Distal Tibial Angle). This measures the angle between the distal tibial
articular surface and the anatomical or mechanical axis of the tibia (both are the same). It
measures about 90�.

Abnormal joint orientation angles are demonstrated in Fig. 12, showing distal femoral valgus
(Fig. 12b) and proximal tibia vara (Fig. 12c).

Fig. 12 Joint orientation angles in frontal plane. (a) Normal values. (b) mLDFA of 77� causing distal femoral valgus. (c) mMPTA of 80� causing
proximal tibia varus
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Sagittal Plane (Fig. 13)

• PPFA (Posterior Proximal Femoral Angle). This is measured between the mid-diaphyseal
line of the neck of the femur and the line across the physis or physeal scar of the femoral
head. Normally 90�.

• ANSA (Anterior Neck Shaft Angle). It is measured between the sagittal plane mid-
diaphyseal line of the proximal femur and the mid-diaphyseal line of the neck of the
femur. About 170�.

• PDFA (Posterior Distal Femoral Angle). This is measured between the sagittal distal
femoral joint line and the mid-diaphyseal line of the distal femur. Usually about 83�

(Fig. 13).
• PPTA (Posterior Proximal Tibial Angle). This represents the angle between the proximal

tibial surface and the mechanical axis of the tibia. It is usually about 81�.
• ADTA (Anterior Distal Tibial Angle). This represents the angle between the distal articular

surface and mechanical axis of the tibia. It is usually about 81�.

Fig. 13 Joint orientation angles in sagittal plane: normal values
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Fig. 14 Uni-apical deformity at the mid-diaphyseal region of tibia. CORA is located at the intersection of the anatomical axis of the proximal and
distal segments of the tibia

Fig. 15 Multi-apical deformities of tibia. Double CORA present at the intersection of the anatomical axes of the proximal, middle, and distal
segments of the tibia
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Determining the Apex of the Deformity or CORA (Centre of Rotation of
Angulation)

– Used to define where the apex of the deformity is located within the bone.
– Determining the CORA is crucial for surgical planning of correction of any angular

deformity and will serve as the site of osteotomy or hinge.
– If deformity is diaphyseal, the anatomical axis should be used. The apex of the deformity or

CORA is the intersection of the diaphyseal lines of proximal and distal fragments (Fig. 14).

Fig. 16 When apex of the deformity and CORA do not correspond, a translational deformity is present

Fig. 17 Presence of multiplanar deformities in frontal plane (a), oblique plane (b), and sagittal plane (c). In the presence of multiplanar deformities,
the deformity in the oblique plane is always greater than either the frontal or sagittal plane deformity
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– If the deformity is metaphyseal or juxta-articular (epiphyseal), the CORA is determined
by the intersection of a line perpendicular to the joint orientation line and the mid-diaphyseal
line of the deformed segment or bone (Figs. 20 and 21).

– More than one CORA may exist in the same bone (multi-apical deformity) (Fig. 15).
– If CORA and apex of the deformity do not coincide, then there is an additional translational

deformity (Fig. 16).
– If the CORA is present on both the frontal and sagittal planes, then an oblique deformity

exists. The magnitude of an oblique plane deformity is always greater than what it measures
in either the frontal or sagittal planes (Fig. 17).

– The impact of the anatomical location of the axis of correction on the type of osteotomy –
closed, open, and neutral – is shown in Fig. 18.

– The impact of placement of the osteotomy relative to CORA and axis of correction on the
resulting translation is shown in Fig. 19.

Malalignment test. This includes performing all the previously mentioned measurements:
mechanical alignment of the whole lower limb and of separate bones, calculating MAD,
drawing joint orientation lines, measuring joint orientation angles, and determining the site
and amount of the CORA or CORAs. It should be emphasized, however, that all of these
measurements are static and not dynamic.

Fig. 18 Types of osteotomies and the impact of axis of correction
position. All osteotomies in this figure are placed upon CORA and
apex of deformity. (a) Mid-diaphyseal deformity. CORA and apex of
deformity are the same. (b) If axis of correction is situated on the
concave side of the deformity, a closing wedge osteotomy is produced.
(c) If axis of correction is situated in the mid-diaphyseal area (the same

as CORA and apex of the deformity), a neutral osteotomy is produced.
(d) If axis of correction is situated on the convex side of the deformity,
an opening wedge osteotomy is produced. (e) If the axis of correction is
situated outside the diaphysis, distraction is produced, together with the
opening wedge osteotomy. The further the axis of correction is from the
diaphysis, the greater the distraction is
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By using this systematic approach, the core 6 questions (previously mentioned) could then
be answered and the deformity fully appreciated:

– What is the plane of the deformity (frontal, sagittal, or oblique)?
– What is the direction of the deformity (varus/valgus, anterior/posterior)?
– Which bone and/or joint is affected (femur, tibia, knee, or ankle joint)?
– Which segment of the bone is affected (epiphysis, metaphysis, or diaphysis)?
– Where is the apex of the deformity?
– What is the magnitude of the deformity?

Examples of step-by-step approach in the assessment of various lower limb deformities are
shown in Figs. 20, 21, 22, and 23:

– Figure 20: Distal femoral valgus deformity
– Figure 21: Proximal medial tibial deformity
– Figure 22: Uni-apical mid-diaphyseal deformity of tibia
– Figure 23: Double apical diaphyseal deformity of tibia

Fig. 19 The impact of placement of osteotomy relative to CORA and
axis of correction. (a) Mid-diaphyseal deformity. CORA, and apex of
deformity are the same. (b) Osteotomy performed upon CORA and axis
of correction. (c) Osteotomy performed distal to CORA and axis of

correction. Mechanical axis is corrected because of the translation.
(d) Osteotomy and axis of correction are in a different location than
CORA. Mechanical axis not corrected, because there is no translation
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Fig. 20 Example of distal femoral valgus deformity – step-by-step
approach. (a) Diagram showing the deformity. (b) Mechanical axis of
entire limb showing varus malalignment. (c) Mechanical axis of femur
and tibia. (d) Joint orientation line of knee. (e) Joint orientation angles:
mLDFA 77�, MPTA 88�. (f) Red dotted lines showing two different
levels of osteotomy. (g) If osteotomy performed upon CORA and axis of

correction (situated on lateral cortex on the same line as the CORA),
then an opening wedge is produced, and there is no translation. (h) If
osteotomy performed proximal to CORA and axis of correction is on the
lateral cortex on same line as osteotomy, then translation is required to
maintain mechanical alignment

Fig. 21 Example of proximal medial tibial deformity – step-by-step
approach. (a) Diagram showing the deformity. (b) Mechanical axis of
entire limb showing varus malalignment. (c) Mechanical axis of femur
and anatomical axis of the tibia. (d) Joint orientation lines of the knee
and ankle. (e) Joint orientation angles: mLDFA 90�, MPTA 65�, MDTA

90�. (f) Red dotted line showing line of osteotomy at CORA.
(g) Correction of the deformity causing an opening wedge osteotomy
as apex of correction is on the convex side of the deformity (shown by
the red dot)
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Acute Versus Gradual Correction

Several factors should be taken into consideration before deciding on whether an acute or
gradual correction should be performed. These include:

– Age of the patient. Uniplanar deformities in very young children can be safely and
successfully corrected by gradual correction (growth modulation) with 8 plates.

– Amount to be corrected. It is generally accepted that deformities less than 15 – 20� can be
adequately and safely addressed with an acute correction, while deformities greater than this
are better addressed by gradual correction.

– Site of the deformity. Excessive stretching of the surrounding neurovascular structures is
always a concern when performing acute correction, specially if these structures are
anatomically located on the concave site of the deformity, as in the case of valgus deformi-
ties of the distal femur and proximal tibia. In these cases, the common peroneal nerve is
vulnerable and at risk of neuropraxia; therefore, prophylactic decompression of this nerve
should be performed prior to the acute correction. The same applies around the ankle, where
a tarsal tunnel release may be indicated before proceeding with an acute correction. On the

Fig. 22 Example of uni-apical mid-diaphyseal deformity of the tibia –
step-by-step approach. (a) Diagram showing the deformity. (b) Ana-
tomical axis of distal tibial segment. (c) Anatomical axis of proximal
tibial segment and CORA. (d) Joint orientation lines of the knee and

ankle. (e) Joint orientation angles LPTA 89� and MDTA 89� showing
that the deformity is diaphyseal. (f) Osteotomy performed upon CORA.
Axis of correction lies on the convex side same line as CORA. (g)
Opening wedge osteotomy with restoration of anatomical axis of tibia
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other hand, acute correction of diaphyseal deformities of the femur is less likely to cause
neurovascular problems.

– Status of the surrounding soft tissues. Previous surgeries or scarring due to burns or
trauma often lead to soft tissue fibrosis and disturbed anatomy. In these cases, extensive
dissection should be avoided as this may further damage the soft tissues. Furthermore, the
dissection may be technically difficult as all the anatomy is abnormal making it challenging
to recognize the vital structures.

Fig. 23 Example of double apical diaphyseal deformity of the tibia –
step-by-step approach. (a) Diagram showing deformity. (b) Anatomical
axis of proximal segment. (c) Anatomical axis of middle segment. (d)
Anatomical axis of distal segment with double CORA. (e) Joint orien-
tation lines. (f) Joint orientation angles. (g) Lines of osteotomies upon

both CORA. (h) Deformity correction at distal CORA causing an
opening wedge osteotomy as axis of correction is on the convex side
of deformity. (i) Deformity correction at proximal CORA also causing
an opening wedge osteotomy as axis of correction is on the convex side
of the deformity
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– Quality of the bone to be corrected. In some cases of severe osteopenia (such as
osteogenesis imperfecta), the bones are so weak and soft that they may be unable to
withstand the stresses of external fixators, and in such cases an acute correction and
intramedullary stabilization may be indicated.

– Associated limb length discrepancy. If there is an associated limb length discrepancy, then
a gradual correction that could address all the deformities simultaneously is indicated.

– Amount of bone to be resected. If an acute correction is contemplated, then shortening of
the bone at the site of the deformity – in order to accommodate the soft tissue contractures –
will probably be necessary, and this should be planned preoperatively and clearly explained
to the patient and family. This is especially true for rigid foot deformities that are corrected
with osteotomies and acute correction.

Preoperative planning should address all the above mentioned issues, and each case should
be individualized.

Gradual Correction

In the skeletally immature patient, this could be carried out either by growth modulation with
8 plates or external fixators. In skeletally mature patients, osteotomies and gradual distraction
with various types of unilateral, circular, or hybrid fixators are the only techniques available.

Advantages of Gradual Correction with 8 Plates
“The best osteotomy is NO osteotomy” (John Herzenberg). Growth modulation has radically
changed our approach to the correction of long bone deformities in the skeletally immature
patient. Whenever possible, it is always better to use growth modulation. It is a minimally
invasive surgery compared to osteotomy. It can be performed at a very young age (as young as
the age of 2 years). When correction is obtained, the plate can be removed, or one of the screws,
generally the metaphyseal one, can be removed leaving the plate and epiphyseal screw in place
so that if the deformity recurs it can be easily reapplied percutaneously. Most importantly, it is
not a permanent correction. This may avoid more extensive surgery in the form of osteotomies
whether for gradual or acute correction. However, as seen in several cases of the atlas, growth
modulation is not always successful and may not yield satisfactory results in cases of severe
and/or multiple deformities (adolescent Blount’s, skeletal dysplasias, rickets). Furthermore, the
correction with 8 plates takes a more prolonged time than with the use of external fixators. In
addition, growth modulation has its maximum effect in the first decade and may be less reliable
when it is applied near skeletal maturity.

Advantages of Gradual Correction with External Fixators
These are numerous and include:

1. Minimal invasive surgery and minimal soft tissue dissection. This is mostly a percutaneous
technique.

2. Can generate new bone (in cases of gradual open wedge osteotomy).
3. Extremely versatile.
4. Allows adjustments during correction of the deformities.

The inability to obtain a standing hip to ankle radiograph during surgery limits the precision
of an intraoperative correction. With external fixation stabilization, the position can be changed
acutely or gradually after a standing hip to ankle radiograph is obtained and the appropriate
mechanical axis analysis is performed.

5. Allows certain amount of axial loading, which is beneficial for bone healing.
6. Can be used in the presence of acute and chronic infection.
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7. It is easier to obtain an accurate reduction with gradual
correction, specifically if multiplanar deformities are present.

8. In severe deformities, a bone resection can be avoided.
9. Less risk of neurovascular complications and compartment

syndrome that may occur with acute corrections.
10. Simultaneous limb lengthening is possible
11. The use of external fixators allows immediate full weight-

bearing and allows functional use of the limb.

The disadvantages of gradual correction include all the problems associated with pro-
longed time needed to wear the external fixator while the newly formed bone consolidates,
necessitating multiple clinic visits and missing school days, potential for psychosocial prob-
lems, prolonged rehabilitation, and all other medical problems including pin site infection, pain,
and swelling.

Therefore, we believe gradual correction using external fixators is indicated if there is an
associated limb length discrepancy requiring lengthening by distraction osteogenesis, extensive
soft tissue scarring from previous surgeries, trauma or burns, multiple complex deformities and
severe bony deformities.

Acute Correction

Acute correction offers several advantages. Usually all the deformities are corrected in one
surgery only, a quicker return to daily activities is usually possible (although the patient may be
non-weight-bearing or toe touching) and the absence of any of the problems associated with
external fixation. The use of fixator-assisted acute correction could increase the accuracy of
acute correction.

Disadvantages of acute correction include a lack of post-op adjustability: No further
adjustment of the correction could be made. Furthermore, any associated LLD could not be
addressed at the same time.

Combined Gradual and Acute Correction

In some cases of multiple deformities, especially when both femur and tibia are affected, a
viable alternative is acute correction of the deformities in one bone (usually the femur) and
gradual correction of the other, as discussed in several cases in the atlas. The femoral
deformities are addressed by acute correction (whether standard technique or fixator assisted),
and the tibial deformities are addressed by gradual correction with external fixators. This avoids
having two external devices (on femur and tibia) and allows simultaneous correction of all
deformities in the affected limb, with the least “cumbersome” fixation.
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