COMPLICATIONS IN HALLUX ABDUCTO VALGUS SURGERY
INTRODUCTION
Recurrence of deformity can occur in the face of any procedure performed for the correction of the hallux abducto valgus (HAV) deformity (1-6).  In general these procedures are selected based upon their ability to address either structural or dynamic components of the deformity depending upon the presumptive etiology. It is common to perform both an osseous correction (structural re-arrangement) and a soft tissue balancing procedure (dynamic rebalancing) in an attempt to address combination deformities. The recurrence rate after the most common of HAV procedures, the distal metaphyseal osteotomy, has been reported between 1.85% and 10%. (2, 3, 6).  Revision surgery pursued after a combination of procedures has been performed can be challenging since the normal anatomy of both soft tissue and bone have been altered. A second dissection in the same location may well increase the risk of nerve entrapment, the development of a painful or unsightly scar, vascular compromise, wound and bone healing complications as well as the risk of chronic edema, nerve irritation or entrapment and the development of chronic pain. In addition, as in any surgical procedure, revision surgery necessarily includes the risk of infection, over correction and under correction of the deformity.
EVALUATION AND PROCEDURE SELECTION  
The subjective complaint

While conservative measures should always be exhausted many patients suffering from complications of HAV surgery fail at this effort when major structural complications such as hallux varus or painful sagittal plane deformities of the 1st ray exist. To ensure that the patient’s goals and expectations are understood it is prudent to begin with a cursory exercise where the patient is asked to point to the target of their most important discomfort and to describe their pain in that area thoroughly. Is the target of tenderness at the 1st metatarsophalangeal joint (MTPJ), the hallux interphalangeal joint (HIPJ), beneath the metatarsal head or in a combination of areas? Often, the target of tenderness is actually beneath the second MTPJ due to the inability of the 1st MTPJ to bare weight. Once the location of the chief complaint is determined the type or quality of the pain is then elucidated. Certain descriptions of pain are suggestive of the etiology. Descriptors such as tingling, numbness, burning and pins & needles sensations are often associated with entrapment neuritis or sensory neuropathy indicating that a nerve decompression may be required as a sole procedure or as an adjunctive portion of the surgical plan.  When the complaint includes pain about the inferior aspect of the 1st metatarsophalangeal joint (MTPJ) this may indicate an abnormal articulation with a sesamoid bone or fibrous adhesions between the plantar plate and the sesamoids and therefore may require a release of the capsular and sesamoidal structures about the periphery of the MTPJ. This can result from an over aggressive medial eminence resection leaving a painful articulation between the tibial sesamoid and the inferior medial aspect of the metatarsal head. Fig. 1 When the patient describes a painful grinding with motion of the joint loose bodies or intra articular damage is likely and suggests degenerative changes of one or both chondral surfaces of the MTPJ. Such crepitation and dysfunction may indicate the need for an arthroplasty if not a joint destructive procedure depending upon the nature and extent of the chondral defects present. Tightness, cramping and / or spasm of the extensor hallucis longus (EHL) tendon are often associated with lateral bow stringing of the structure and a hallux over or under ridding the 2nd digit. These structural aberrations suggest persistent transverse plane (abduction) deformity with or without frontal plane (valgus) rotation of the hallux. 
Clinical Evaluation in Complications of HAV Surgery
Evaluation of recurrent or residual hallux abducto valgus should be performed in a step wise fashion to most consistently identify the full extent of deformity and dysfunction. Clinical evaluation includes both weight bearing and non weight bearing examinations of the foot and ankle, identical to that performed prior to first time elective bunion surgery. The stance evaluation is the key to determine the 1st ray position and alignment under normal weight bearing conditions. Weight bearing assessment will reveal the true nature of the deformity be it structural, dynamic or a combination of both. Hallux varus and other planar deformities of the 1st ray may be unmasked in the weight bearing condition.
 Fig  2a & b  So too the presence of compensatory digital deformities, such as flexor or extensor substitution and flexor stabilization can shed light onto additional components of the functional problem. When thoroughly conducted this portion of the clinical evaluation will demonstrate the true nature of the deformity and muscle - tendon imbalances which will have a weighty impact on procedure selection. When the weight bearing condition reveals shifting of load to the lesser MTPJ’s it becomes obvious that the 1st MTPJ is dysfunctional. Fig. 3 a & b. The gait examination can be done strictly by visual observation or with the assistance of force plates or other computer assisted modalities. From a practical perspective the emphasis here will be on clinical evaluation without the benefit of additional technical support. When watching the patient it is best to be methodical and review the patient from head to toe as they walk away and walk towards their starting point. Noting posture, position and alignment of the axial and appendicular skeleton will provide the most comprehensive assessment. This exam should reveal a predictable heel to toe gait pattern with stride length and cadence that falls into normal parameters given the patients habitus. Taking note of shoulder, hip and knee alignment should prompt adjunctive orthopedic consultations as necessary.  Propulsion off the 1st MTPJ should be easily discernable if the 1st ray is functioning properly. Dysfunction is obviated when propulsion is interrupted as is the case when an abductory twist is present or if antalgia, vaulting or splinting away from the 1st MTPJ is obviated in gait. A completely apropulsive gait will be evident when the 1st MTPJ is significantly subluxed, dislocated or impinged. In addition, the weight bearing exam reveals the extent of 1st metatarsal head prominence whether it is dorsal, medial, plantar or a combination and this helps to clarify the structural deformity present such as 1st metatarsal elevatus and hallux limitus, sesamoid apparatus dysfunction or end stage 1st MTPJ subluxation. 
The non weight bearing evaluation is an equally important component of the physical examination. When assessing the motion of the 1ST MTPJ transverse, frontal and sagittal planes are considered since the deformity is typically multiplanar. Whether or not the deformity is reducible is an important clue as to whether the condition is flexible enough to be corrected with revision of the original procedure (assuming a distal metaphyseal osteotomy and soft tissue balancing) or if an alternate procedure is warranted. The examination of the 1st MTPJ begins with stabilizing the 1st ray at the metatarsal neck and manipulating the hallux at the MTPJ level. With the foot at 90 degrees to the ankle and the STJ in neutral position the hallux is manipulated into a rectus position on the metatarsal head and sagittal plane motion is assessed in both dorsiflexion and plantar flexion. It is important to load the foot prior to evaluation to eliminate the effects of hyper mobility and masking of structural deformities such as metatarsus primus elevatus. When motion is absent, limited in dorsiflexion, or restricted to solely plantar flexion then it is suspected that there is a metatarsus primus elevatus present and further study is required. If the 1st MTPJ motion is limited with a bone-on-bone end range of motion or when crepitation is present a degenerative condition is suspected and significant articular defects are likely. If there is limitation with the joint held in a congruous position and a spongy end range of motion is evident then the soft tissue structures remain suspect and revision of the lateral release and or adductor tendon transfer may be required. If the medial column exhibits hyper mobility and the 1st metatarsocuneiform joint is excessively mobile then the peroneus longus muscle becomes ineffective at both plantar flexing the 1st ray and abducting the fore foot allowing the 1st ray to deviate medially and rotate into varus (4, 5).   

To determine the transverse plane deformity again the first metatarsal is stabilized at the metatarsal neck. With the hallux placed into neutral position on the metatarsal head the range of motion of the 1st MTPJ is then assessed. If the motion at the 1st MTPJ remains unrestricted with the joint in a congruous position then the deformity is considered fully reducible and soft tissue rebalancing may be considered alone or in combination with an osseous procedure. If the joint is irreducible then structural deformity or malposition of the 1st metatarsal is likely (e.g. meaningful metatarsus primus varus, adductus or a fixed sagittal plane deviation of the metatarsal bone) and an osseous procedure is probably required. If the motion at the 1st MTPJ is restricted due to a plantar flexed or dorsi flexed 1st ray segment then structural realignment including a sagittal plane osseous procedure will be required. This can be achieved via osteotomy or a joint destructive procedure depending on the severity of the metatarsal angulation and the integrity of the articular surfaces. The decision to perform a proximal or distal procedure in this instance is determined by the degree of sagittal plane correction needed to achieve adequate 1st ray mobility and radiographic evaluations will assist in making that determination. 

When sagittal plane motion is restricted in the direction of dorsiflexion and point tenderness exists beneath the inferior aspect of the hallux base and or the 1st metatarsal head the sesamoid apparatus may be adhered warranting an aggressive release of both the capsular and ligamentous structures about the 1st MTPJ.  Dorsal impingement occurs when the metatarsal head has been shifted into an elevated position and restricts sagittal plane motion. With impingement osteophytic degeneration may prompt crepitation due to the formation of loose bodies.
Close inspection of the local anatomy will reveal whether or not an exaggerated length or angulation of the proximal phalanx is contributing to the residual hallux abduction significantly. The influence of the hallux interphalangeal joint deformity may have been under estimated previously and may contribute to residual or recurrent deformity. If excessive length and abduction of the proximal phalanx is a deforming factor a basilar phalangeal osteotomy such as an Akin procedure should be considered as this angular deviation creates a retrograde force that exacerbates HAV deformity (6). Fig 4 a & b.
 Mobility or laxity at the level of the 1st metatarsal cuneiform joint (MCJ) and the medial aspect of the naviculo-cuneiform joint should be assessed to determine if in fact there is a more proximal joint contributing to the recurrence of the hallux abductus deformity (7-9). If the MCJ is semi rigid or immobile then it may be impossible to reduce the transverse plane deformity of the metatarsal leaving the sesamoid apparatus rotated in a lateral position as compared to the metatarsal head. Should excessive laxity exist at this joint level the incidence of recurrent HAV deformity is predictable (10). Plain radiographs may reveal an abnormal angulation of the articular facets at the 1st metatarsocuneiform joint which is felt to be contributory to hyper mobility in the proximal 1st ray (11, 12).  While it is generally understood that the primary source of motion within the 1st ray during propulsion occurs at the medial naviculo cuneiform joint the precise clinical measurement of this joint motion remains difficult to perform and even more difficult to reproduce in every day practice (13,14). Normal parameters of motion within the medial column have been defined as 12.3 degrees at the medial naviculo-cuneiform joint and 5 degrees at the 1st metatarso- cuneiform joint (13). Should the clinical exam reveal increased mobility at these joint levels in the face of a recurrent HAV deformity then strong consideration for selecting a proximal medial column arthrodesis is suggested. This may include arthrodesis of one or both of the most proximal medial column joints; the metatarso- cuneiform joint and or the naviculo cuneiform joint.    
RADIOGRAPHIC EVALUATION IN COMPLICATIONS OF HAV SURGERY
Weight bearing radiographs obtained in multiple orthogonal planes, in addition to oblique and axial views of the fore foot will elucidate the degree of intra articular derangement. The intermetatarsal angle (IMA) and associated length patterns of the 1st metatarsal and proximal phalanx are important radiographic parameters in determining the need for structural correction. Should the length of the 1st metatarsal bone be insufficient to maintain adequate weight bearing function sub 2 transfer lesions may be present. 

 A lateral view of the 1st MTPJ often reveals derangement such as joint space narrowing, periarticular osteophytes or an elevated metatarsal (or elevated metatarsal head after a DMO procedure) position that may not be appreciated in the clinical exam. It should be noted that poor technique when positioning the x-ray tube head for the lateral radiograph can create a virtual metatarsal elevatus e.g. when the tube head is positioned 10 degrees caudal to the lateral foot the first ray will appear to be elevated. Fig 5 The tube head must be positioned parallel to the weight bearing surface and perpendicular to the lateral foot to reveal the true angular relationship between the first and second rays. When there is a divergence between the 1st and 2nd dorsal cortices of the metatarsal bones the question becomes whether the deformity is positional, as in a fore foot varus, or if it is structural and due to deformity of the bone itself. (15) Both intrinsic and extrinsic deformities have the potential to be non reducible and so either may require an osseous procedure for correction. Often as a complication of HAV surgery the first metatarsal may be elevated due to an intrinsic change in bone structure. This iatrogenic deformity will mandate an osseous procedure when the degree of elevatus disrupts joint function (15, 16). Fig 6 Once the presence of a first metatarsal elevatus has been identified a stress lateral radiograph can be used to evaluate whether the deformity is reducible allowing adequate joint function. This weight bearing view will help to determine the extent to which the 1st MTPJ can be reduced and the degree of plantar flexion, if any, that will be required to restore joint function. Fig. 7a & b 

Determining whether the 1st MTPJ is deviated, subluxed or congruent or if an abnormality of the proximal articular set angle (PASA) is present is an integral exercise in determining the contributory features of joint mal alignment (17). With close inspection of the DP film the morphology of the articluar surface and condition of the subchondral plate can be estimated considering the presence of sclerotic changes and irregularities about the metatarsal head and phalangeal base. When the distal most aspect of the metatarsal head appears skewed the cartilage is suspected to be deviated. While cartilage itself is not visible on plain radiographs the position and alignment of the subchondral bone lends insight as to whether there is an angular deformity of this surface. Often the appearance of an abnormal proximal articular set angle  (PASA) is over estimated by plain radiographs but when intra operative findings conclude that cartilage mal alignment exists then a cartilage realignment procedure will be necessary to achieve a congruous joint. Fig. 8a - d Should there be significant evidence of subchondral cystic degeneration, sclerosis, unusual derangement in morphology or literal collapse of the metatarsal head then a dysvascular condition is suspected and further study may be required.
If there is serious concern regarding perfusion to the fore foot then noninvasive vascular studies such as pulse volume recordings (PVR), photo plethesmography (PPG), ankle – brachial index (ABI), arterial Doppler’s and transcutaneous oxygen pressure (TCPO2) measurements and vascular consultation is warranted. Ancillary imaging via Magnetic Resonance Imaging [MRI] or Nuclear Medicine Imaging [NMI] will demonstrate whether healthy perfusion is evident or if a dysvascular condition exists.  Of added benefit is the fact that both modalities can be used to rule out the coincidence of an infectious process. Should an infection be identified then a staged procedure is required to eradicate infection before definitive structural correction is pursued. In this instance the emphasis is on expertly obtained bone and soft tissue cultures to confirm the presence of infection and antibiotic sensitivity when it exists. Ascertaining this information is critical prior to procedure selection. When chronic edema, discoloration, unusual coolness or cyanosis exist then it is prudent to pursue vascular consultation with the benefit of noninvasive vascular testing including transcutaneous oxygen pressure (TCPO2) measurements to assess healing potential for the fore foot and digits. Vasospastic conditions can impair the ability of bone to heal and prophylactic vasodilatory medications can be used during the perioperative period to override this condition. Cold water immersion stress studies can be completed to determine the significance of this condition when it exists. (18 - 20)  Identification of decreased perfusion and reduced healing potential will increase the risk of developing a chronic non healing wound and may prompt serious post operative complications threatening more proximal amputation. 
Cortical hypertrophy of adjacent metatarsal shafts 2 and 3 may also reflect the lateral transfer of weight bearing away from the 1st MTPJ indicating stress fractures or at least stress deformation of the metatarsal(s). This finding suggests that a reconstructive procedure to restore weight bearing function of the 1st ray is in order. This is often the case when the 1st ray is shortened and or elevated resulting in 1st MTPJ dysfunction and compensatory weight transfer to the lesser metatarsal phalangeal joints. Understanding the extent to which the length pattern of the 1st ray contributes to dysfunction is critical to procedure selection. The metatarsal parabola can be readily evaluated on the dorsal plantar radiograph and the presence of a shortened first ray segment is often a harbinger for the need of a modified distal osteotomy technique or in more severe cases of shortening other lengthening procedures which may require bone graft material (autogenous or allergenic) or the callus distraction (bone transport) technique for restoring weight bearing potential to the great toe joint. Each of these special techniques will shift the risk: benefit ratio into a negative direction since these procedures are more complex and their outcomes are less predictable than other more traditional HAV correction techniques. 
The radiographic position of the sesamoid apparatus as we have come to learn is most reflective of a mal position or residual deviation of the metatarsal head medially (21) and is often accompanied by significant lateral contractures due to insufficient capsular and ligamentous release or from adhesion and fibrosis due to previous surgery. Performing a sesamoid axial radiograph will reveal whether or not the sesamoid position is actually associated with incongruence at the level of the cristae within the sesamoid apparatus (22). This view is particularly helpful when considering the need for revisional lateral release and mobilization of the intrinsic musculature. Fig. 9a & b  When there is congruency of the sesamoids and the cristae as seen on the fore foot axial (aka sesamoid axial) a revisional lateral dissection may be avoided. 
PROCEDURE SELECTION 
Complications occurring during the index procedure in correcting the HAV deformity are addressed immediately during surgery. While there are a host of potential complications that can occur mis adventures in distal metaphyseal osteotomies are often due to poor planning and placement of the osteotomy itself. The nuances of creating the “V” osteotomy have been detailed to include proper positioning of the osteotomy within the metatarsal head to avoid placing in the cuts too far proximal or distal within the metatarsal head as each extreme in positioning carries with it different potential complications. (23) When placed too far proximally a large amount of the osteotomy rests in diaphyseal bone and so has a higher potential for nonunion or mal union of bone. Should the osteotomy be made too far distal the potential for splitting the metatarsal head and creating an intra articular fracture is a reality. Fig. 10 a & b 
Procedure selection is based upon the nature of the residual deformity and dysfunction. If an appropriate procedure was selected initially then revision surgery may be a matter of simply performing the same in a more aggressive manner. Revision surgery for over correction may be a matter of reversing the original procedure to affect a more appropriate structural or dynamic correction of deformity whichever the case may be. The original procedure may have compromised the condition of bone, intrinsic musculature, ligaments, neurovascular elements or a combination of these and for that reason revision surgery always carries a worse risk : benefit ratio than the initial procedure. Should there be evidence of significant neurovascular compromise then alternate medical consultations should be pursued in advance of conducting revision surgery. Any history or overt evidence of complex conditions such as reflex sympathetic dystrophy (RSDS) or chronic regional pain syndrome (CRPS) should be considered a contra indication to further surgery and merits referral to a neurovascular specialist or pain management expert. When these conditions exist it is wise to refer the patient for a second opinion as a precursor to any further consultations for revisional surgery.
The types of surgical procedures available in addressing complications of HAV surgery are no different than those available for the initial surgery and they fall into a number of categories including reconstructive and joint destructive procedures. The following include those procedures designed to salvage function of the first ray segment. Joint destructive procedures such as implant arthroplasty of the 1st MTPJ are reserved for discussion in an alternate section of this text.
Reconstructive procedures for residual Hallux Abducto Valgus Deformity

Soft tissue and tendon balancing procedures 
Phalangeal osteotomy of the hallux
Distal first metatarsal osteotomies 
Proximal first metatarsal osteotomies
Joint destructive procedures for residual Hallux Abducto Valgus Deformity

Metatarsal phalangeal joint arthroplasty

Metatarsal phalangeal joint arthrodesis

Metatarsal cuneiform joint arthrodesis

Early complications of HAV surgery

In the early post operative period, within the first 21 days, soft tissue adhesion and fibrosis do not significantly interfere with reduction of the deformity. In this early period bone healing consists of blood clot formation that is gradually replaced by highly vascular connective tissue. This connective tissue becomes infiltrated by fibro cartilage over time and develops into a provisional bone callus. At this early stage the callus serves as a flexible bone bridge not yet ossified and is relatively malleable. Complications that occur during the 1st few weeks after surgery are often due to overt trauma or patient non compliance. This situation is met when the patient experiences either unexpected trauma or is grossly negligence in self care (e.g. another person accidently stepping on the patients’ foot after recent HAV surgery) or when unusual weight bearing activities (e.g. aggressive walking, running, deep squatting, ladder climbing or prolonged kneeling) cause disruption of the osteotomy or disturb soft tissue balance. In these circumstances there are three principle goals to be achieved to salvage the function of the first ray; 1. Evacuation of hematoma, eradication of infection and resolving incision dehiscence, 2. Open reduction and internal fixation (ORIF) of the disrupted bone with or without 3. Revision of soft tissue rebalancing such as revising the medial capsulorraphy or adductor tendon transfer depending on the original procedure performed. Each may be a necessary adjunctive procedure in circumstances which arise unexpectedly resulting in early recurrence of deformity. Fig 11
Delayed recurrence as a complication of HAV surgery

I  Soft Tissue Imbalance and Residual Sesamoid Displacement
TECHNIQUE

Soft tissue and tendon balancing Whenever possible an extension of the original incision line is used to access the 1st MTPJ and the inter metatarsal space. The revisional incision should begin approximately one centimeter more proximal than the original incision and extends a similar distance beyond the most distal extent. This will allow the surgeon to identify, both proximally and distally, the zones of transition between normal anatomy and that violated by previous dissection. Starting the dissection proximally in healthy tissue will make it easier to become oriented in the soft tissue planes before pursuing the remainder of the exploration. In particular, identifying predictable dorsal cutaneous nerves at this level will help to identify evidence of nerve entrapment due to adhesions and fibrotic changes resulting from prior manipulation or violation. Dissection is likely to be difficult due to the presence of this aberrant soft tissue layer. Care should be taken to explore for the presence of entrapped cutaneous nerves and when present nerve decompression should be completed with exploration along the full length of the affected nerve until reconstitution of normal nerve tissue is identified. Often a two layer dissection is prepared with the dermis and superficial subcutaneous structures being prepared as a single layer. The deep fascia is dissected as the second layer and is meticulously prepared to preserve a solid plane of tissue for closure over the affected bone and joint. In cases where adhesions and fibrotic changes are profound it may be necessary to create one sharp incision to the deep fascia.
 When residual sesamoid displacement exists after a modified McBride type bunionectomy the culprit for recurrence is likely an insufficient lateral release. The enthesis of the common adductor tendon is through attachments at the phalangeal base, the plantar plate and sesamoid apparatus. Depending on the severity of the underlying deformity the sesamoid apparatus may have retained fibrosis or adhesions to the plantar and lateral intrinsics preventing long term realignment of the plantar plate. To ensure adequate lateral release dissection of the 1st inter metatarsal space and exploration of the lateral MTPJ  are required. The fibular sesamoid is a complex region of intrinsic attachments and includes the lateral head of flexor hallucis brevis tendon, the deep transverse intermetatarsal ligament (DTIL), the common tendon (oblique and transverse) of the adductor hallucis and fibrous bands that extend from the sesamoid apparatus into the flexor digitorum longus tendon and the superficial plantar aponeurosis (24). Since the sesamoids and plantar plate are intra articular structures with many intrinsic attachments, identification and isolation of the lateral joint capsule in the region of the enthesis is a critical 1st step in this process. The region of the 1st MTPJ is exposed and the lateral aspect of the joint space is identified by placing distal traction on the hallux to cause a puckering of the joint capsule. This maneuver facilitates identification of the lateral joint space where the intrinsic structures can be found as they attach to the base of the proximal phalanx, sesamoid apparatus and plantar plate.  Delineating this joint level allows for proper placement of a capsulotomy via a stab incision. Once performed any residual intrinsic attachments can be undermined and transected from their entheses liberating the hallux and sesamoid apparatus. Manual manipulation of the hallux into extreme varus will break through any remaining fibrous banding that may exist deep within the lateral joint. Modifications of the capsulotomy include making a larger more vertically oriented capsular incision or simply fenestrating the lateral joint capsule and then allowing manual manipulation of the hallux to break through residual lateral ligamentous structures (25).  If there is evidence that the adductor tendon remains attached at the proximal phalanx base this structure should be grasped, undermined and transected or dissected out proximally and prepared for later transfer. The use of an adductor transfer to the medial capsule for supplementation of the medial capsule repair may be an important adjunctive procedure in the face of recurrent HAV. Whether this structure is transferred dorsally to the medial capsule or run through the neck of the 1st metatarsal the end result is supplementation of the medial capsulorraphy while creating a change in muscle balance countering adductus or varus shift of the first metatarsal. This technique has been called into question by some as the benefits of the adductor have never been scientifically born out in the literature and in fact one series concluded that this maneuver provided no added benefit when performed with a DMO (26). 

The condition of the sesamoid apparatus should be inspected to ensure that there is adequate mobility of the sesamoids. It is understood that re location of the 1st metatarsal is impeded by fibrosis and adhesion of the sesamoid apparatus and so this is an important portion of the procedure. If the fibular sesamoid appears to be grossly hypertrophic and abnormally fixed in position then the need for a fibular sesmoidectomy should be entertained.  Once the fibular sesamoid is mobilized or excised then the 1st MTPJ may be manipulated to check for reducibility in the transverse plane. If it is impossible to reduce the hallux valgus deformity due to a residual or non reducible metatarsus adductus or metatarsus varus the metatarsocuneiform joint should be re-assessed to rule out residual contractures or degenerative joint changes interfering with joint mobility. Weight bearing may be simulated on the operating table to evaluate the degree of reduction achieved from the soft tissue release alone. Any residual contractures of the extensor hallucis longus (EHL) tendon or 1st MTPJ capsule will be evident and should be addressed via lengthening techniques in lieu of capsulotomy or tenotomy. By performing a controlled tissue lengthening physiologic tension can be achieved and is preferred to simple release. To address residual EHL contracture a “Z” lengthening will allow sufficient relaxation for neutral position and alignment of the great toe. It is important to perform the MTPJ capsulotomy in the plane of the contracture to correct the deformity at its apex. Although numerous techniques have been suggested a simple “V” to “Y” capsulotomy will release contracture and the capsule closure can be performed under physiologic tension with the hallux in neutral alignment on the metatarsal head.  
 At this point the residual deformity is assessed and whether or not to perform a metatarsal osteotomy or a more proximal procedure is considered. It is generally understood that performing a metatarsal osteotomy in the face of a fibular sesamoidectomy increases the risk of developing a hallux varus deformity and so caution is advised and judicious use of this combination of procedures is recommended. The detailed execution of specific osteotomies and their modifications in performing the distal or proximal metaphyseal osteotomy, mid shaft metatarsal osteotomy, 1st metatarsal cuneiform joint arthrodesis and their modifications can be found in alternate chapters of this text.
II. Phalangeal Osteotomy of the Hallux 
Akin Osteotomy

When the apex of deformity is within the hallux itself an Akin osteotomy may be effective in correcting the condition. An unusually long hallux or high angulation hallux interphalangeus are typical criteria for use of this adjunctive technique.  The original procedure described by Akin included resection of the medial eminence of the 1st metatarsal head, resection of the medial phalangeal base and wedge osteotomy of the proximal hallux (27).  While the original procedure was extensive current modifications include simply creating an oblique base wedge osteotomy (short or long) or a transverse osteotomy within the proximal phalanx of the hallux. This technique should not be used as a primary procedure to correct an increased intermetatarsal angle or deformity due to an abnormal proximal articular set angle (PASA) deformity. When used inappropriately the Akin procedure may create enough retrograde pressure on the metatarsal head to exaggerate the lateral deviation of the 1st metatarsal perpetuating deformity (28-32).  
The use of this osteotomy is usually an intraoperative consideration when there is residual lateral deviation of the hallux noted after a primary bunion procedure has been performed  i.e. 1st metatarsal osteotomy with muscle tendon balancing. 
A high angulation hallux abductus interphalangeus, a long medial border of the proximal phalanx of the hallux or an increased distal articular set angle (DASA) may be responsible for this residual deformity. Fig 4a - c. By derotating the hallux medial ward using the Akin osteotomy the long tendons of the flexor and extensor tendons will be relocated more centrally about the hallux interphalangeal joint and the metatarsal phalangeal joint reducing the retrograde force that aggravates recurrence of HAV deformity.  
TECHNIQUE

Proximal hallux base wedge osteotomy; Akin osteotomy.
 The skin incision should provide ample exposure for preparation of the osteotomy and allow for ease of application of fixation. A linear incision along the dorsomedial aspect of the hallux or one that divides the dorsal and plantar skin is often sufficient for execution of the procedure. An optimal incision plan incorporates the original incision allowing for exposure of the 1st MTPJ and the distal 1/3 of the proximal phalanx. Sharp and blunt dissections are taken down through the subcutaneous tissue envelope which is naturally asthenic in this region. Due to the thin dermal and subcutaneous layers meticulous handling is important to avoid necrosis of the wound margins from over aggressive retraction. Using the blunt end of Regnauld retractors is effective for this dissection. All four of the very delicate digital neurovascular elements within this region are invariably manipulated since the most medial and lateral borders of the phalanx must be exposed throughout the procedure. Once the 1st MTPJ and body of the proximal phalanx have been exposed a linear incision is made extending from the dorsum of the 1st MTPJ onto the distal 1/3 of the phalangeal body. It is best to begin this incision proximally along the medial border of the EHL tendon. The periosteum is reflected sharply about the proximal phalanx base while blunt reflection over the central and distal aspects of the phalanx can be managed with a freer elevator. Preparation of this soft tissue layer is an important portion of the procedure as it will allow for thorough coverage of the osteotomy site and fixation devices during closure. This coverage will prevent adhesion formation between the osteotomy site and the long extensor tendon. The metaphyseal - diaphyseal junction of the phalangeal base is identified, isolated and is scored with marking pen to provide 2 important land marks. The first land mark is a horizontal line that parallels the base of the proximal phalanx approximately 0.5cm to 1.0cm from the 1st MTPJ. This is the most proximal area for screw or pin placement without risking violation of the articular surface. The second land mark is drawn to create a transverse or oblique arm for a closing base wedge osteotomy (CBWO). The length and angulation of this osteotomy will depend upon the degree of reduction needed to realign the hallux. One method to determine the size of the wedge resection is to measure the difference between the medial and lateral cortical margins. This difference should provide adequate reduction of hallux deviation while creating a more parallel relationship between the distal and proximal articular surfaces of the hallux. Fig 4d This medially based wedge can be expected to heal promptly when placed within the metaphyseal region of bone. The longer and more oblique the cut the more diaphyseal bone involved and rigid internal fixation is integral to facilitate primary bone healing in this region. An axis guide is placed in the proximal lateral corner of the metaphyseal diaphyseal junction and is drilled from dorsal to plantar using a 0.045 k-wire. Fig. 4e Just as in a CBWO for the first metatarsal the guide wire can be angulated to provide sagittal plane correction however since this is a medially based wedge the orientations to achieve plantar flexion or dorsiflexion of the part are opposite. Tilting the axis guide lateral ward will effect elevation of the distal segment and may be efficacious when hallux limitus is coincident. An axis guide tilted medially will effect plantar flexion while tilting the axis distally will reduce valgus deviation of the hallux.  Once proper placement of the axis guide is determined the osteotomy is scored using a #10 osteotome and a mallet. Once satisfied with the orientation of the proposed osteotomy power instrumentation is used to cut the osteotomy. An oscillating saw held parallel to the axis guide will allow for a well controlled cut. The maximum depth of the proximal phalanx is ~ 1.0cm and so a fine tooth blade that is 1.0cm wide and at least 1.0cm long will facilitate this maneuver. Constant irrigation during the osteotomy will minimize thermal necrosis and improve the setting for bone healing. The lateral hinge of the osteotomy provides a second point of fixation and so care is taken to preserve this structure during provisional fixation. Final assessment of correction should be completed prior to applying definitive fixation devices. While the fixation of an Akin osteotomy is a matter of surgeon’s preference the long oblique modification allows for rigid internal fixation with the benefit of a 2.7mm cortical screw.  Numerous alternate types of fixation have been used for this procedure such as staples, k-wires, cannulated screws and absorbable screws and pins. Since full visualization of the entrance and exit of the screw is easily achieved standard screws are the mainstay for this procedure. In the face of a transverse osteotomy bone coaptation and rigid fixation can be achieved with the benefit of the two point circlage technique, parallel staples or k-wires. Once satisfied with  correction of the deformity and stabilization of the osteotomy a layered closure can be completed after copious irrigation. A meticulous layered closure will reduce the risk of wound dehiscence. Immediate weight bearing in a rigid soled or ortho wedge surgical shoe for 6 weeks or until adequate bone consolidation is appreciated both clinically and radio graphically. Fig 4 f & g Potential complications of the procedure include fracturing of the lateral hinge or failure of fixation devices in either transverse or oblique osteotomies. If failure of fixation occurs then the addition of supplemental fixation devices can be done percutaneously. Some would argue that simply splinting the hallux or providing a more aggressive off loading of the hallux will allow bone union to complete in a primary or secondary fashion. 
PEARLS / PITFALLS

Orientation of the osteotomy. The oblique osteotomy is less stable than its transverse counterpart. Therefore when the lateral hinge is lost the entire construct becomes markedly less stable and this would change the degree of protected weight bearing or digital splinting required to achieve bone union. 
III.  Considerations in Salvage after an over aggressive Ostectomy
When HAV surgery is complicated by an overly aggressive medial  
 exostectomy one of two conditions may develop; under correction or over correction of the transverse plane deformity; residual hallux valgus or hallux varus. Hallux varus as a complication of HAV surgery is discussed specifically in a separate section of this chapter. When under correction is the result then it is likely that the original deformity was under estimated and an insufficient procedure was selected. Stretching the indications for the use of conservative bunion surgery is doomed to failure in the face of a high intermetatarsal angle (IMA) or excessive hallux abductus angle (HAA) or when significant metatarsus primus adductus, metatarsus adductus, increased proximal articulation set angle or a combination of these exists. An overly aggressive exostectomy is often an attempt to further reduce medial metatarsal prominence when the index osteotomy/ostectomy failed to provide this correction. This medial scalloping of the metatarsal rarely achieves the desired effect of eliminating the structural deformity and so results in persistent or recurrent hallux valgus with a significant loss of bone volume from the metatarsal head.  

The conservative bunion surgery aka exostectomy is intended to remove the excess medial eminence without violating the articulation of the tibial sesamoid. Salvage of this condition requires a combination of procedures; one to restore the articular surface of the metatarsal head and the other to achieve definitive correction of the first ray alignment. Determining the procedure for correcting first ray alignment is dependent upon function of the 1st metatarsophalangeal joint, degree of residual MTPJ incongruity, degree of 1st metatarsal mal alignment and medial column stability not unlike selecting a primary bunion procedure.  

TECHNIQUE
a. Metatarsal head grafting
One viable technique for salvage of the 1st MTPJ function after an over aggressive exostectomy is to graft the metatarsal head and restore a more normal cubic content for articulation with the phalanx. When reinforcing the region with bone graft the convex surface of the metatarsal head is supplemented and a foundation for the phalangeal base articulation is restored (33). The purpose of this technique is to create a more normal morphology to the first metatarsal head allowing for congruous articulation with the hallux base and was originally described to reverse the ill effects of hallux varus resulting from HAV surgery. Once the surface area of the metatarsal head has been restored then the metatarsal segment can be realigned with a combination of osseous and soft tissues procedures as necessary. This may require the benefit of a proximal metatarsal osteotomy and release of contractures within the 1st intermetatarsal space depending on the severity of the residual deformity. 
b. Resectional arthroplasty of phalanx
After an over aggressive exostectomy a joint salvage procedure may not be possible. In patients bedridden, wheel chair bound or low demand, sedentary patients an arthroplasty to remove the phalangeal base, the Keller Procedure, may be enough to reduce the deformity, eliminate painful bone prominence and reduce risk of ulceration (34).  In select patients the Keller procedure can provide an apropulsive gait that allows for effective weight transfers and pivoting necessary for basic low weight bearing daily activities. Care should be taken to perform a meticulous capsulorraphy and include re attachment of the long flexor tendon for optimal stabilization of the hallux. This tendon transfer will provide enhanced stability reducing the risk of hallux contracture after surgery. Performing a combination of purse stringing the joint capsule and reattaching either the short or long flexor tendon to the residual phalanx will prevent hallux extensus deformity (35, 36).  

With reattachment of the short flexor tendon the sesamoid apparatus is firmly supported and it is felt that this serves to prevent joint subluxations that contribute to lesser metatarsalgia. Fig 12  Although there are no strict contraindications for the Keller procedure the relative contraindication is the presence of chronic lesser metatarsalgia in the absence of hammertoe contractures and instability of the 1st ray segment. When excessive bone loss results in instability of the metatarsophalangeal joint it may not be possible to recreate a supporting surface for the hallux base. In higher demand patient’s the Keller arthroplasty is not a functional option.  
IV. Revisional Distal Metaphyseal Osteotomy
Clinical Considerations 
When revision of a distal osteotomy is necessary and the quality of the residual bone is in question ancillary imaging is warranted. The benefit of three dimensional imaging, magnetic resonance imaging or computed axial tomography will identify voids and other structural defects that may not be evident on plain x-ray aiding in procedure selection. If the metatarsal head is in relatively good condition and there is little shortening of the metatarsal segment then a revisional osteotomy may be curative. The primary risks of the procedure are increased when performing revisional surgery; infection, nerve entrapment, painful or unsightly cicatrix, chronic edema, over or under correction, delayed, nonunion or malunion of bone are all possible if not even more likely in this surgery. Due to the repeated neurovascular insult to the hallux is at particular risk for compromise. Hence meticulous dissection and bone handling are critical to success in these cases. In revisional surgery it is prudent to discuss and reserve the right to perform a joint destructive procedure should intra operative findings warrant it. This would dramatically change the post operative care plan likely including a considerable period of non weight bearing when performed. If that non weight bearing plan evolves in a patient with risk factors for the development of deep vein thrombosis (DVT) then a plan for DVT prophylaxis should be pursued and communications with the primary care physician should be completed well in advance of the surgery. On a similar note if the patient is on anticoagulant therapy then reversal of the agent and perioperative prophylaxis becomes a major component of the surgical plan.
TECHNIQUE 
a. Revisional Distal Metaphyseal Osteotomy (DMO); Transverse plane “V”  

    osteotomy  

The incision takes into consideration the clinical appearance of the deformity and the most recent radiographs to ensure that exposure is optimal to execute debridement, osteotomy and fixation Fig 13 a & b. For this reason the incision plan often includes the original cicatrix line plus extensions both proximally and distally to enhance exposure and allow for the identification of tissue planes that have not been disrupted by previous surgery. Gentle manipulation of the skin is required to prepare the skin in a single layer for retraction and exposure of the subcutaneous layers however when dermal atrophy is profound and the basement layer of skin is adhered to the subcutaneous layer this may not be possible. The dorsal cutaneous nerves and vessels should be identified, isolated and retracted whenever possible. The integrity of the extensor hallucis longus tendon should be assed and may be found fibrosed to the underlying joint capsule when tendonopathy is a contributing factor.  Fig 13c A layered dissection is always preferred however is not always possible in revision surgery. Often when the surgical site is matted down due to dermal atrophy and deep adhesions or when extensive fibrosis exists the dissection is performed using sharp incision through a single layer down to the periosteum. A dorso linear peristeal incision is made to expose the joint and  the capsulotomy may be linear or modified into an inverted “L” or “T” configuration for best joint exposure. When the joint capsule contributes to contracture of the joint then the capsular incision should be placed strategically to facilitate relaxation of that tissue. The original osteotomy site is often easy to identify intra operatively. It is common to find a well defined line of sclerosis defining the margins of the capital fragment with or without exuberant osteophytic degeneration. Fig 13d Before incising the osteotomy site it is important to inspect the articular surfaces of the metatarsal head and phalanx base to identify unusual articular defects or obvious joint incongruity. If the degenerative changes about the articular surfaces are more significant than predicted or if the bone quality is not sufficient to maintain an osteotomy (overly sclerotic or grossly osteoporotic) then consideration for an alternate procedure such as a more proximal osteotomy should be entertained. Modification of the osteotomy, when necessary, is much easier to prepare before the original osteotomy is re-cut. Critical evaluation of the articular surfaces to assess the condition of the cartilage and reducibility of the MTPJ is performed prior to re cutting the osteotomy. When angular deformity of metatarsal bone exists, such as sagittal plane mal alignment, then modifications of the osteotomy can be employed avoiding the need for a combination of osteotomies to reduce deformity (37, 38). 
When significant angular deformity of the articular surface of the metatarsal head is evident then modification of the original osteotomy cut is warranted and a cartilage realignment procedure is necessary. When there is significant sclerosis or avascular changes present a DMO procedure is not prudent and so close scrutiny of the bone quality is required to avoid further devitalization of the metatarsal head. There are some that would suggest performing a hallucal osteotomy in this case to realign the pull of the long flexor and extensor tendons to create a more effective tendon function across the MTPJ and reduce the angular retrograde pull that aggravates the recurrence of the HAV deformity. This avoids further violation of the metatarsal head while correcting abnormal biomechanics that perpetuate the deformity.
When a DMO is appropriate an axis guide is prepared for the revision and sharp resection of the osteotomy will require power instrumentation to minimize shortening. Copious irrigation should be performed throughout the resection to prevent thermal necrosis and reduce the risk of devascularizing the metatarsal head. Depending on the quality of bone, the intramedullary segment of the metatarsal head may be manipulated into an improved position with the benefit of a freer elevator. It is important to gently manipulate this segment of bone to avoid devitalization or fragmentation of the part.  When the bone quality is compromised debridement and supplemental bone should be pursued to improve bone quality and enhance bone healing. Using graft material to pack voids within the metatarsal head, shaft or both will often require two points of fixation to afford optimal stability of the parts and provide ample immobilization of bone to ensure bone healing. When grafting is required simply to pack voids the fixation technique can be completed simply by using two points of fixation e.g. two parallel or crossing k-wires where the goal is to achieve a stable construct for propulsion by way of primary bone healing Fig 14a. This supplemental bone grafting is a very different procedure than when an interpositional bone graft technique is used for the benefit of restoring length to the first ray and so the rationale in fixation is dramatically different between the two. See the Pearls / Pitfalls section for further discussion on this subject.
When using power instrumentation to recreate an osteotomy, especially in unusually dense and sclerotic bone, continuous irrigation is important to prevent thermal necrosis. Fenestration of the parts will facilitate vascular in growth and encourage enhanced perfusion to the metatarsal segments. Fig. 15 a & b Once the fragment has been well coapted the articulation of the joint should be assessed. Ultimately positioning of the revisional osteotomy should produce a congruous articulation with the hallux. If this new position is not optimal modification of the osteotomy may be required. When excessive elevation of the metatarsal head is evident when manipulating the “V” type osteotomy enhanced plantar flexion can be achieved simply by planning the dorsal arm of the osteotomy and allowing the entire metatarsal head to drop down. The reverse maneuver will be effective when faced with extreme plantar flexion of the part. The sagittal saw blade is 1mm thick and so removes approximately 1- millimeter of bone when planing the site. It is important to re evaluate the position of the osteotomy closely after each pass of the blade to prevent excessive bone loss. Once optimal position has been achieved the capital fragment should be manually impacted onto the shaft compressing the parts prior to preparing the fixation device(s). Fixation of the osteotomy can be completed with the benefit of a single 0.062 k-wire in many cases. Which fixation device and how many points of fixation are used are dependent on the overall stability of the osteotomy in the corrected position. It is prudent to challenge the osteotomy by grasping the hallux and distracting at the MTPJ while observing for evidence of insufficiency about the osteotomy site. If there is evidence of motion across the osteotomy or frontal plane instability about the capital fragment then a second point of fixation should be employed. A final assessment of the alignment of the articular surfaces, joint motion and hallux position should be completed after rigid fixation has been achieved to confirm optimal position and function prior to closure. 
PEARLS / PITFALLS
Considering PASA as a culprit for recurrent HAV deformity 

When considerable angular deformity of the metatarsal articular surface is evident then modification of the original osteotomy cut is warranted. While it may seem intuitive to perform a Reverdin type wedge within the distal metatarsal head to realign the cartilage this may not be prudent when there is significant sclerosis or avascular changes. There are some that would suggest attempting a hallucal osteotomy, such as a proximal Akin, in this case to attempt to realign the pull of the long flexor and extensor tendons to create a more effective muscle tendon function across the MTPJ. This realignment of the hallux will reduce the angular retrograde pull of these extrinsic tendons that aggravates recurrence of the HAV deformity. The Akin osteotomy cannot be expected to reduce an elevated PASA nor reduce an increased 1st – 2nd intermetatarsal angle.
Subsidence of bone in recurrent HAV deformity
If the recurrent HAV deformity is the result of subsidence of bone then grafting may be required to repair the osteotomy defect. When this is the case supplemental bone graft materials can be interposed in small amounts preventing excessive impaction of the part.  Removing excess bone from the medial metatarsal head, milling it and replacing it within regions of bone subsidence may prove sufficient. In other cases where larger defects are evident bone graft morsels of autogenous or allogenic material may be used to fill defects of the metatarsal shaft when revision of an osteotomy is an appropriate procedure. It is understood that autogenous graft materials provide a more physiologic environment since it is enhanced with osteoinductive and osteoconductive agents such as bone morphogenic protein and growth factors from host thrombocytes. Others have demonstrated that allogenic bone graft material can be used in these small areas of bone deficit with good outcome.  Regardless of the source of the graft material ultimately it is the position and stability of the fixation that will bring the construct to final union. 

Filling defects in revision of a distal metaphyseal osteotomy
When grafting is required simply to pack voids the fixation technique can be as simple as a crossing k-wire technique where the goal is to achieve a stable construct for propulsion whether that is from primary bone healing or the development of a fibrous union.   Fig 16 This supplemental bone grafting is a distinctly different procedure than the interpositional bone graft technique used for to restore length to the first ray. Generally bone grafting to simply fill voids after failed distal metaphyseal osteotomy or silicone implant will require two points of fixation and protected weight bearing to achieve union. The interpositional bone graft procedure requires more technical considerations regarding the type of grafts used and the methods of fixation for them. This grafting procedure requires the use of low profile plates and screws and the need for absolute non weight bearing to achieve union. When using this technique there is an increased risk of complication since two discrete areas will have the potential for developing a nonunion. Fig 17c
V.  Proximal Metatarsal Osteotomy

Considerations in proximal metatarsal osteotomies
When the quality of bone residual from distal metaphyseal osteotomy is suspect then a more proximal procedure may be required for revision. In such instances a closing base wedge osteotomy can be performed to achieve multi planar correction while sparing the length pattern of the 1st ray. This technique mandates strict attention in preparing the osteotomy axis guide to ensure optimal correction of the deformity while preventing the ill effects of a mis aligned osteotomy. While this procedure is straight forward in its essence the literature reflects that complications often arise when the standard technique is poorly understood and executed. The oblique base wedge osteotomy is an inherently unstable configuration and so requires rigid internal fixation in concert with a course of non weight bearing to achieve primary bone healing in the intended position. Should the fixation of a base wedge procedure fail untoward outcomes such as first ray elevation and shortening of the metatarsal are predictable (37).  
 Other proximal metatarsal shaft procedures are further options however from the stand point of bone healing, procedures performed on diaphyseal bone require heartier internal fixation and are naturally more challenging in regards to achieving bone healing as compared to procedures performed within metaphysis. In the right hands a closing base wedge osteotomy can provide significant derotation of the first metatarsal and requires the benefit of relatively simplistic internal fixation techniques. Close scrutiny of articular cartilage alignment is needed to determine if an adjunctive procedure is needed to achieve total joint congruity. Cartilage realignment procedures such as the Reverdin, a closing wedge performed in the distal aspect of the metatarsal head, can accomplish this task adding a modicum of time and additional fixation to the procedure. Fig 8 a-d
TECHNIQUE

Proximal 1st metatarsal closing base wedge osteotomy 
The skin incision is place about the dorso medial aspect of the first metatarsocuneiform joint (MCJ). If there is a need for concomitant 1st intermetatarsal space dissection, as is often the case, this incision will extend distally across the 1st MTPJ. Proximally the subcutaneous dissection will reveal the dorsal medial cutaneous nerve as it crosses the base of the 1st metatarsal. The subcutaneous layer and superficial neurovascular structures should be gently retracted to reveal the deep fascial layer including the extensor hallucis longus tendon and the proximal aspect of the 1st metatarsocuneiform joint. The soft tissue balancing procedure of the first intermetatarsal space is performed as described earlier in this text.

The deep fascia is incised in a single layer beginning 1cm proximal to the 1st MCJ and extending distally along the medial aspect of the EHL tendon just past the 1st MTPJ. This will provide exposure for the lateral interspace release as well as the proximal osteotomy.  With the periosteum exposed the incision plan for the osteotomy can be prepared. The configuration of the periosteal incision will vary depending on the shape of the intended osteotomy, usually a short or long oblique orientation is used. The long oblique osteotomy has the benefit of facilitating two points of fixation and its longer radius arm allows greater lateral rotation as the wedge is closed. Before preparing the osteotomy it is prudent to place an 18-guage needle in the 1st MCJ to serve as a landmark for the articular surface of the 1st metatarsal base. This will help prevent inadvertent violation of the joint. Here the periosteal incision begins approximately 1 cm distal to the proximal medial corner of the 1st metatarsal base. This placement preserves the  periosteum about the proximal medial border of the metatarsal base and will serve to support the lateral hinge of the osteotomy. The periosteal incision is made at a 40-degree angle to the shaft of the metatarsal and when the lateral border of the metatarsal is encountered the incision is directed along this border to facilitate wide exposure of the metatarsal. A freer elevator is used to reflect the periosteum and the metatarsal is prepared for osteotomy. A 0.062 k-wire is run oriented from dorsal to plantar through the medial base of the metatarsal, 1-cm distal to the MCJ. This K-wire is oriented perpendicular to the weight bearing surface to serve as an axis guide for the osteotomy. This orientation will allow transverse plane translocation of the segment without untoward deviation in the frontal or sagittal plane (see the chapter on closing base wedge osteotomy).  A skin marker can be used to design and preview the length and width of the intended osteotomy. An osteotome or saw blade can be used to score the dorsal cortex of the metatarsal and create a 40 to 45 degree angle for the proximal cut of the osteotomy. The angulation of the distal cut will depend on the degree of correction required (see the chapter on closing base wedge osteotomy). An oscillating saw can be used to begin the osteotomy at the lateral most cortex and should propagate toward the k-wire maintaining the blade parallel to the pin throughout the procedure. It is best to create a smaller wedge and later gently plane the osteotomy than to cut an excessively large wedge and be unable to close the osteotomy without fracturing the hinge. Constant irrigation while performing the osteotomy will reduce the risk of thermal necrosis of bone and will provide optimal physiology for bone healing. Once satisfied with the wedge resection the bone wedge is inspected along with the deepest region of the osteotomy cut to ensure that the wedge was removed in its entirety. Any inadvertent bone remnant will impede closure of the wedge and create a stress riser about the hinge when attempting to close the wedge. The bone clamp is used to maintain closure of the wedge while intraoperative radiographs are taken to ensure adequate reduction of the deformity. Two points of fixation are employed; an anchor screw and a compression screw. Precise placement of the screws is important to prevent collision of the devices. When viewing the lateral base of the metatarsal in the sagittal plane the area can be divided into 4-quadrants. By placing the anchor screw in the dorsal and proximal quadrant and placing the compression screw in the plantar and distal quadrant collision of the screws is unlikely. The most proximal screw is run transversely through the base of the first metatarsal bone and serves as the anchor screw protecting against telescoping and shortening of bone and fracture the medial hinge. This anchor screw is tightened to two-finger tightness as over tightening prior to application of the second screw will prompt a distal shift of the medial fragment and fracture the hinge. Prior to inserting the second screw the bone clamp is released. The second (distal) screw is oriented as close to perpendicular to the osteotomy as possible. 
Final radiographs or fluoroscopy is obtained to ensure adequate position and alignment of bone and fixation devices. The range of motion about the 1st MTPJ is re-assessed and joint congruence is confirmed. Copious irrigation is then completed and a layered closure is performed with the benefit of 3.0 undyed Vicryl  running from proximal to distal to re-approximate the periosteum and capsule in an interlocking running fashion to completely cover the fixation devices. The subcutaneous structures are closed with the benefit of 4.0 undyed Vicryl in a simple running fashion and the dermal edges are re approximated with the benefit of 5.0 undyed Vicryl in a subcuticular running fashion. A Jones compression dressing with a fiberglass egg shell or posterior splint is maintained for the first 5 to 7 days. Absolute non weight bearing is integral to success as early weight bearing will deform if not fracture the proximal metatarsal segment. The duration of non weight bearing will vary based upon the quality of the bone stock and evidence of radiographic bone consolidation confirmed in multiple views. It is difficult to assess the degree of bone consolidation of the proximal metatarsal from a clinical perspective and no physical exam for this has ever been described. After 6 weeks of non weight bearing with satisfactory radiographic evidence of bone consolidation the patient is allowed to return to protected weight bearing in a firm soled shoe and is advanced as tolerated thereafter. Serial radiographs are taken in 2 to 3 week intervals for the first 2 months and monthly thereafter until full functional recovery has been achieved.  More frequent radiographs are taken when symptoms or clinical change dictate further examination. 
PEARLS / PITFALLS
Angular considerations in the closing base wedge osteotomy 

The technical consideration regarding proper placement of the hinge axis concept and placement of the axis guide for the CBWO is discussed in detail in an alternate section of this text
Avoiding violation of the 1st MCJ during the CBWO
It is prudent to place an 18-guage needle in the 1st MCJ to serve as a landmark for the articular surface of the 1st metatarsal base in an attempt to prevent inadvertent violation of the joint. To further protect the articular surface the  periosteal incision begins approximately 1 cm distal to the proximal medial corner of the 1st metatarsal base. This placement preserves the periosteum about the proximal medial border of the metatarsal base and will serve to support the lateral hinge of the osteotomy.
Preventing collision of fixation devices in the two-screw technique

Precise placement of the screws is important to prevent collision of fixation devices. When viewing the lateral base of the metatarsal in the sagittal plane the area can be divided into 4-quadrants. By placing the anchor screw in the dorsal and proximal quadrant and placing the compression screw in the plantar and distal quadrant collision of the screws is unlikely.  
VI. Arthrodesis in Failed Hallux Abducto Valgus Surgery
Clinical Considerations
When the 1st MTPJ is placed in the corrected position and there is a considerable loss of 1st MTJ motion joint then a joint preservation procedure may not be feasible. In the face of irreducible MTPJ incongruity or instability of the 1st MTPJ an arthrodesis may provide the most predictable and arguably the most definitive correction of the deformity especially in patients with higher functional demands. Over time numerous modifications in performing arthrodesis of the 1st MTPJ have been described (39- 54,56 ). The 1st MTPJ fusion, traditional or modified techniques, can correct transverse plane deformity while simultaneously achieving optimal sagittal plane joint position for propulsion when properly executed. This will stabilize the distal aspect of the 1st ray and with optimal positioning will improve weight bearing function of the 1st MTPJ. 
If there is any question regarding the perfusion to bone in this region the benefit of ancillary imaging is warranted. The nuclear medicine triphasic bone scan can shed light on the presence of perfusion deficits as well as the incidence of atrophic or hypertrophic bone subsequent to prior surgery (55).  Magnetic resonance imaging can shed insight as to the presence of dysvascular changes in bone however cannot provide dynamic information regarding active perfusion in the region.
In considering this procedure the bone quality and length is scrutinized to determine the potential benefit of incorporating an intercalary bone graft as needed to restore length. This technique involves procurement of a stout autogenous graft when the recipient bed is considered compromised. Alternately allogenic bone can be used when bone quality is not an issue. In light of the fact that some have found that patients failing their revisional surgery using allogenic bone would opt for autogenous bone if they had to do it over again, it is the patients right to choose between the graft type used after detailed education regarding the risks and benefits of each. The morbidity associated with autogenous tricortical iliac bone grafts has been well established in the literature (56,). 
Whether to use an autograft or allograft implant has been a matter of debate over recent years and so there has been a fair amount of research to investigate the question . Traditionally, when a large tri cortical type graft was desired an autograft from the iliac crest is preferred. (56-59).What we have learned over time is that allogenic bone performs well in foot and ankle surgery and can provide excellent functional long term outcomes. The current literature suggests that arthrodesing procedures in foot and ankle surgery can be done safely and effectively with the benefit of allogenic bone graft materials sparing the patient a second operative site and avoiding the natural complications attributed to bone graft procurement and host site morbidity (, 62-65). Others have made it clear that arthrodesing procedures can be successful without the benefit of any bone graft what so ever (66). If in fact bone supplementation is being considered to enhance perfusion to existing bone then an autogenous graft is perhaps the most physiologic technique. 

Whether the fusion is end to end or if a bone graft is used the hallmark to successful bone healing is rigid internal fixation and immobilization of the part (62,63). The hallmark to functional success is proper positioning of the parts for fusion and function. Based upon published reports in large series reviews of 1st MTPJ arthrodesis procedures the union rate ranges from 68% to 100%. Many of these procedures having been performed for failed HAV surgery. When a bone graft is used it is intuitive that the complication rate in bone healing may be increased however this was not born out in the above mentioned review as only one study reported the use of the inlay bone graft technique and touted a union rate of 97%. A review of strictly 1st MTPJ fusion using interpositional bone graft would be the most valuable here.

TECHNIQUE

Arthrodesis in Failed Hallux Abducto Valgus Surgery
When it is possible to perform a primary end to end arthrodesis the dissection and bone preparation is not unlike that performed for a primary 1st MTPJ arthrodesis.  In light of a prior HAV surgery it must be determined if the original surgical cicatrix location is suitable to provide exposure for this procedure. If the cicatrix lies dorsal or dorsal medial along the 1st ray segment then it is probably useful to prepare this exposure incorporating that cicatrix to minimize the risk of further skin compromise. Often it is necessary to extend the incision both proximally and distally by an additional 1.0cm to identify normal soft tissue planes and prepare the most meticulous dissection as possible for a revision procedure.  An incision along the dorsal or dorsal medial aspect of the first metatarsal measuring approximately 6cm – 8cm in length will allow for adequate exposure of the 1st MTPJ region depending on the size of the foot. Sharp and blunt dissection is performed to expose the deep fascia over the joint. The periosteal and capsular incisions are prepared in a linear fashion immediately in line with the skin incision. Once the intra articular segments are exposed then thorough denuding of the cartilage surfaces and preparation of the parts for fusion are paramount to establishing a sound foundation for fixation. If a primary arthrodesis is feasible and the metatarsal length is sufficient then an end to end procedure should be completed. Denuding the cartilage from the articular surfaces should be done in a fashion that minimizes bone loss and preserves length. This can be done using rongeurs, curettes, or power instrumentation. A crescentic blade can be used to resect the cartilage with a minimum of bone loss. An alternate technique uses a cone reamer and contours the surfaces to preserve the ball and socket configuration. The technique used should be one that is most comfortable and expeditious for the surgeon. The desired morphology of the fusion site is reliant upon the resection technique. That is to say if the ball and socket configuration is to be maintained then curettage, conical reamer or crescentic saw blade resection will facilitate that goal. Fig 18.  These techniques tend to result in the least amount of bone loss and therefore aid in preserving the final length of the first ray. If a flush cut, flat, end to end arthrodesis is desired then resection using a fine tooth, sagittal saw is preferred to minimize bone loss. This will create a ginglymus joint which will allow for two points of fixation using pins, screws, staples or circlage techniques. While rongeurs can be used for this purposed they are difficult to use on the concave surface of the hallux base especially in dense or sclerotic bone. Copious irrigation is completed before realignment of the parts to remove any bone debris that may interfere with bone apposition. Additional fenestration of the subchondral region of bone using a 0.54 K-wire may be desired if this layer is very thick or sclerotic. This encourages immediate perfusion and may facilitate vascular ingrowths over time. 

Once the bone has been prepared for arthrodesis the position of fusion must be determined and this is the most important functional decision to be made during the procedure.  Intra operatively it is possible to simulate weight bearing by flexing the patient’s knee and placing the foot at 90 degrees to the leg with the foot flat atop a solid surface e.g. an instrument tray lid. With the ankle at 90 degrees, the foot in neutral weight bearing position the hallux can be elevated just until it is possible to pass an index finger freely between the hallux and the tray. This subtle dorsiflexion of the hallux will allow enough motion to load and propulse off of the hallux interphalangeal joint (HIPJ). With the hallux rectus or slightly abducted to parallel the adjacent digit the position should prove to be comfortable in sensible shoe gear. This exercise also serves to prevent an equinated position of the hallux. Although a wide range of positions have been suggested as the optimal position for a 1st MTPJ arthrodesis generally the desired position of fusion is considered 15 degrees to 25 degrees dorsi flexion with a similar degree of abduction, often 15 degrees to 20 degrees (69). This position of fusion takes into account that the 1st MTPJ must dorsiflex approximately 20 degrees to accommodate a 1” heel height (670, 71). While these parameters are a general guideline it is understood that position of the fusion site becomes a function of the surgeons experience and preference. This in mind some would recommend creating a congruous 1st MTPJ with only slight elevation and abduction. Once adequate joint position and alignment has been achieved provisional fixation should be applied. Temporary fixation of the parts using two 0.062 k-wires should be placed to firmly capture the desired position and intra operative radiographs should confirm final position, alignment and adequate coaptation of the parts. Multiple orthogonal planes should be reviewed to ensure that a maximum of bone to bone contact has been achieved.  Once satisfied with position and alignment the decision to use crossing k-wire fixation or alternate techniques to provide rigid internal fixation can be made. Fixation should be critically assessed to ensure there are no devices interfering with HIPJ joint function and that no device is protruding plantarly to impede weight bearing. 
Internal fixation for an end to end arthrodesis is strictly a matter of surgeon preference in good quality bone. Crossing k-wires work well in the face of osteoporosis while other k-wire configurations have proven equally effective. The use of parallel 0.062 k-wires or small Steinman pins can be used as external devices run out the hallux base and retrograded into the 1st metatarsal and can be removed after solid bone union has been achieved. Fig 19  The crossing screw technique and the use of a low profile plate are perhaps the most commonly used in more dense bone. The plate may be placed either dorsal or medial across the joint and this should vary depending upon available soft tissue coverage. When the dorsal skin has suffered from atrophy and considerable adhesion exists the vascularity of the region may not support a dorsal plate and the medial application is a viable alternative. The use of plates and screws, threaded Steinman pins, k-wire and circlage, single oblique screw and double crossing screw techniques as well as the peg and hole technique have all been described with successful outcome over time (72-103).
Once satisfied with the position and alignment of the fusion and internal fixation device(s) copious irrigation is completed and a layered closure is performed. Care is taken to cover the periosteum over fixation devices to prevent irritation due to prominent devices or interference with the function of the extensor tendons. A sterile bandaging of the foot and ankle is completed with the benefit of a Jones compression dressing incorporating a cryotherapy unit as desired. A posterior splint or a fiberglass egg shell can be applied to encourage compliance with the non weight bearing. The post operative course is a matter of debate to some. Traditionally a non weight bearing course for 4 to 6 weeks has been exercised while others suggest modified protected weight bearing in a firm sole or ortho wedge shoe. Regardless of the technique used the site of fusion should be protected and monitored clinically and radio graphically over 6 to 8 weeks time to ensure adequate bone consolidation and maintenance of position. The physical rehabilitation plan includes a short leg compression stocking beginning once the surgical wound has completely healed.  This will prevent prolonged edema and the development of subsequent neuritic symptoms. Gradual advancement into firm soled athletic shoe gear is pursued to tolerance as early as 6 weeks post operatively if radiographic consolidation is evident on multiple views

. 
PEARLS / PITFALLS
Modification of the 1st MTPJ arthrodesis
Interestingly, the technique of creating a peg and hole arthrodesis construct has proven efficacious even as a primary surgery to correct the HAV deformity. When an over aggressive exostectomy has been performed and the residual metatarsal head has been reduced to a fraction of its original morphology this technique may prove curative (103).  The authors of this technique article declare an 85% success rate with the caveat that it is suggested for elderly patients. Further it is touted that the peg and hole technique does not require internal fixation and that protected weight bearing is allowed to tolerance as opposed to traditional protocols associated with 1st MTPJ arthrodesis. Of the 31 patients’ undergoing this technique for severe HAV deformity none experienced hallux varus even when significant metatarsus primus varus was evident preoperatively. In the original article the technique was described using a beef bone peg and manual impaction of the parts without fixation and was performed in 33 cases resulting in a 90% fusion rate (103). Of the 10% that experienced nonunion it was found that they broke the peg at the fusion site when resuming unprotected weight bearing at 6 weeks – 8 weeks after surgery. It is interesting to note that the original author suggested prolonged plaster cast immobilization for 8 to 10 weeks contrary to more contemporary recommendations by Humbert 20 years later (102). 

A similar technique, using specially designed reamers fashions a cone at the metatarsal head for a peg and socket articulation. After reviewing 85 such 1st MTPJ fusions over a 20-year period the authors tout a 97.6% fusion rate while maintaining the corrected position in long term follow up (104).  
Intercalary Bone Graft
Using preoperative radiographs is the best way to predict the extent of bone deficits due to devitalized bone and to prepare for the size of bone graft required for harvest. The size of the graft must be sufficient to fill the defect and restore optimal length to the first ray segment. Once the size of the graft is determined selection of the size and shape of the plate can be completed. This preoperative assessment will allow precise measures of both the length of the plate and allows estimation of the length of the screws required along each segment of the ray.  To interpose an intercalary bone graft it is beneficial to first measure the plate against the entire length of the metatarsal-bone graft- phalangeal base segment to determine where the center of the plate should lie. It is desirable to have at least 2 or 3 points of fixation proximal and distal to the graft to create the most stable construct whenever possible. When using the small low profile devices designed for the small bones of the foot this may require the use of a 10-hole plate or larger. On the back table the graft can be prepared by running a single screw through the plate and graft to create a preliminary strut for mounting the plate to the site of fusion. Now with the plate and graft secured this solid unit can be interposed between the metatarsal and the phalangeal base. Compression of the plate along the first ray is achieved with the benefit of plate clamps while the remaining screws are placed using standard A-O technique. To provide axial compression across the fusion site eccentric drilling of the screws placed just proximal and distal to the graft should be performed. Fig. 20 
Bone graft for the 1st MTPJ arthrodesis; allogenic versus autogenous

Whether to use an autograft or allograft implant has been a matter of debate over recent years and so there has been a fair amount of research to investigate the question. Traditionally, when a large tri cortical type graft was desired an autograft from the iliac crest is preferred (59, 61, 105, 106).
What we have learned over time is that allogenic bone performs well in foot and ankle surgery and can provide excellent functional long term outcomes. The current literature suggests that arthrodesing procedures in foot and ankle surgery can be done safely and effectively with the benefit of allogenic bone graft materials sparing the patient a second operative site and avoiding the natural complications attributed to bone graft procurement (62, 63, 107, 108). 

Others have made it clear that arthrodesing procedures can be successful without the benefit of any bone graft what so ever (66-68). If in fact bone supplementation is being considered strictly to enhance perfusion at the site of fusion then an autogenous graft is the most physiologic technique. 

When considering bone grafting in the small bones of the fore foot the discussion differs dramatically from that in rear foot arthrodesing procedures. In the face of large bone reconstruction the use of autogenous bone remains the graft material of choice in arthrodesing procedures (63).  However, despite its inherent lack of bone morphogenic protein, allogenic bone graft has been shown to perform well in numerous procedures in foot and ankle surgery (62). When given a healthy peri graft environment these bone bank specimens provide ample structural support and a porous surface area to allow for creeping substitution in secondary bone healing (109). In contrast to this, it has been demonstrated that autogenous bone graft is preferred in salvage reconstruction of the very small bones of the fore foot where vascular compromise in the adjacent tissue beds is an issue (110). Most authors would agree if there is any question of the vascular competence of the recipient bed or the peripheral graft sites then the benefits of using autogenous grafting to enhance bone healing outweighs the risks associated with donor site morbidity (62, 109, 111-114). 
Techniques in autogenous bone grafting of the 1st MTPJ have been suggested specifically when length has been lost after metatarsal osteotomy procedures (115). Further, single stage lengthening techniques using autogenous bone graft have been compared with the callus distraction technique. Ultimately it is reported that the one stage approach yields bone healing at a faster rate (6 wk vs. 10.8 weeks respectfully in one study).  Neither technique resulted in neurovascular compromise with similar outcomes in length achieved from both.  (116). The use of intercalary bone grafting in revisional bunion surgery to restore length has been documented with good success even in cases where bone quality was suspect. (117,118). 

Whether the fusion is end to end or if a bone graft is used the hallmark to successful bone healing is rigid internal fixation and immobilization of the parts. The hallmark to functional success is proper positioning of the parts for fusion and function. Based upon published reports in large series reviews of 1st MTPJ arthrodesis procedures the union rate ranges from 68% to 100%. Many of these procedures having been performed for failed HAV surgery. When a bone graft is used it is intuitive that the complication rate in bone healing may be increased however this was not born out in the above mentioned review as only one study reported the use of the inlay bone graft technique and touted a union rate of 97%. A review of strictly 1st MTPJ fusion using interpositional bone graft would be the most valuable here.

Further considerations in fixation for the 1st MTPJ arthrodesis
      Even when an overly aggressive exostectomy has been performed it doesn’t 

      usually effect the length pattern  of the 1st ray and commonly leaves the 

      foundation for a relatively straight forward arthrodesis. Stabilization of the 

      construct can then be prepared definitively using a variety of techniques  

      depending upon the quality of bone present. In the event of osteoporosis  

      modifications in the fixation plan may include the crossing k-wire technique (with  

      or without the prebending),dual or triple parallel external k-wire technique Fig 19, 
      staples (2- staple technique using 90 degree staple orientations) or an 

interlocking plate. In the face of unusually porous bone the use of at least 2-points of fixation is advised to prevent motion about the fusion site.
    When normal bone quality exists, aside from the eminence deficit, then more    

    traditional devices can be used to provide an end to end arthrodesis 

    and these include single or double screw techniques, staples or the combination  

    of circlage and 0.062 k-wire. The nuances for each of these internal fixation  

    techniques are found in alternate sections of the text.   

Revisional Hallux Abducto Valgus Surgery in the Juvenile Patient
When juvenile forms of hallux abducto valgus have met failure from bunion surgery it is typically the result of having failed to appreciate the influence of residual metatarsus adductus, an increased PASA, equinus, peri talar subluxations, flexible flat foot deformity or some combination thereof (119). Most fore foot surgery performed in the face of mid foot and rear foot pronation should be supplemented with the benefit of an aggressive prescription (University of California Biomechanics Laboratory {UCBL}) to enhance long support and control of these added deforming forces. Optimal revision of the juvenile bunion may require addressing the residual metatarsus adductus to avoid more important deformity and dysfunction in adult years. In the face of osseous immaturity this can be accomplished with the benefit of an epiphysiodesis (119-122).  Alternately waiting to achieve osseous maturity may be the better part of valor prior to attempting revisional surgery as this will allow complete closure of the proximal growth plate of the 1st ray and facilitates the use of proximal arthrodesing techniques when indicated.  Equinus; gastrocnemius or gastro – soleus equinus, has a noted contribution to the development or exacerbation of an HAV deformity. Indentifying the influence of such a powerful dynamic and destructive force is paramount to success in revision. Conservative therapies to address this component of the problem may be pursued however when a severe or recalcitrant condition exists then a gastrocnemeus recession or Achilles tendon lengthening may be a vital adjunct.
PITFALLS
Lateral Release 
It is important to avoid an overly aggressive capsulotomy and lateral release. When addressing recurrent HAV deformity an overly aggressive capsulotomy will increase the risk of developing a hallux varus deformity. Should the lateral capsulotomy be too extensive the defect will not completely fill with fibrous tissue leaving the lateral capsule insufficient to counter the retrograde pressure of the hallux on the metatarsal head. With lateral capsule weakness the hallux may tend to drift unopposed into a varus alignment.
PEARLS
Failure of the Lateral Release; Lateral 1st MTPJ Anatomy   
Understanding the structures involved in the lateral release will provide a better understanding of why HAV surgery may fail. The functional unit of this region is referred to as the sesamo-phalangeal apparatus as coined by Gillette (124) and is composed of the two sesamoids invested within the fibrous plantar plate and takes attachment from the base of the hallux proximal phalanx. While the metatarsal head remains fixed with normal motion of the MTPJ the sesmo-phalangeal apparatus moves forward and backward about the stationary metatarsal head with manipulation of the joint. In hallux valgus deformity the sesamoids, which are embedded in the plantar plate, may appear to be displaced as the phalanx rotates lateral ward. The retrograde pressure of the hallux on the metatarsal head can force a medial translation of the 1st metatarsal further exaggerating the appearance of sesamoid displacement. The sesamoid ligaments each attach to the collateral aspects of the 1st metatarsal head proximally and to the base of the proximal phalanx with distal extensions into the plantar plate. These ligamentous investments make the distal and collateral portions of the plantar plate much stronger than the central portion (125). This weaker central portion of the plantar plate apparatus is subject to wear and frank injury under certain circumstances. With this in mind it is important to respect the plantar plate when a lateral release is performed as iatrogenic defects can result in insufficiency of the sesamoid apparatus and dysfunction of the MTPJ resulting in subluxation or even dislocation of the joint. Fig. 21 Such is the case in a 1st MTPJ hyperextension injury where the metatarsal head ruptures the weaker intersesamoidal segment and creates a “button hole” through the plantar plate allowing the sesamoids to dorsally dislocate with the base of the phalanx.  
Subsidence


When subsidence has resulted in a loss of cubic content of bone it is prudent to critically evaluate the metatarsal parabola radio graphically and compare the length pattern of the 1st ray to that of the contra lateral limb both clinically and on weight bearing plain x-rays. This will help in determining the graft size necessary and may allow for graft harvest from a local source rather than from a larger more proximal site such as the iliac crest. If it is determined that a local autograft will suffice then the risks of the procedure and subsequent post operative morbidity may be markedly reduced. Whether to use allograft or auto graft in such foot surgery has been discussed in the literature with the consensus that allograft can be used safely and effectively in these cases (62, 63, 107, 108).
Bone Graft Size 

When complications of bunion surgery have resulted in a loss of cubic content of bone it is prudent to critically evaluate the metatarsal parabola radio graphically and compare the length pattern of the 1st ray to that of the contra lateral limb both clinically and on weight bearing plain x-rays. This will help in determining the graft size necessary and may allow for graft harvest from a local source rather than from a larger more proximal site such as the iliac crest. If it is determined that a local autograft will suffice then the risks of the procedure and subsequent post operative morbidity will be markedly reduced.

Bone graft stabilization
When supplementing a revision osteotomy with bone graft or when converting an osteotomy procedure into an arthrodesis the need for provisional fixation and stabilization of the construct prior to the application of a low profile plate. This can be achieved using a long k-wire which can be later removed or retained as a supplemental point of fixation. Application of a provisional device can be accomplished using a k-wire applied axially out through the hallux and retrograded into the metatarsal segment securing the entire length of the construct.  When bone healing complications require a joint fusion or supplementation with bone graft use of a locking plate system can be entertained with predictable results.
 Whether to use allograft or auto graft in revisional fore foot surgery has been discussed in the literature with the consensus that allograft can be used safely and effectively in these cases (62, 63, 107, 108). It stands to reason that the survival of the graft is dependant, at least in part, on the integrity of the adjacent soft tissues and bone. If in fact the recipient bone site is dysvascular that is an ominous sign when considering the use of allogenic bone material since that graft will be more reliant upon the recipient bone and soft tissues for nutrition and support (126). Autogenous bone graft is less reliant on the surrounding tissues and so is more likely to survive in what is already considered a compromised situation. 
HALLUX VARUS

INTRODUCTION

Over time there has been far more literature produced in addressing hallux abductus and under correction of the HAV deformity than that for hallux varus despite the fact that iatrogenic hallux varus in particular can have a devastating impact on function and quality of life. The importance of hallux varus deformity resulting from failed HAV surgery is that it is commonly more painful and debilitating than the original condition. When clinically significant residual incongruity of the MTPJ develops it provokes a cycle of osteoarthritis that will prove irreversible if not corrected. This may be the result of stretching the indications for the McBride or modified McBride technique in an attempt to correct deformities with moderate to high intermetatarsal angles (IMA). Expanding the indications for these procedures is often associated with an overly aggressive lateral release and similarly aggressive medial plication of capsular structures to correct IMA’s greater than 10 degrees. Although iatrogenic forms of hallux varus have resulted from a variety of soft tissue and osseous procedures it is understood that even over aggressive splintage of the hallux post operatively may shift the muscle tendon balance to favor the pull of the abductor hallucis (ABH) and the medial head of the flexor hallucis brevis (FHB) and creates a varus deforming force.
Historically the incidence of hallux varus as a complication of HAV surgery has been reported from less than 2% to 17% of cases performed (126-134). 
Although many have discussed the etiology and mechanics of hallux varus there is a paucity of literature documenting its incidence and so the true incidence of this condition may not be accurately estimated. McBride’s own account of the incidence of hallux varus was 5.1% which constituted only 2 cases from his original work in 39 patients. He suggested lengthening of the abductor tendon and supplementing that with plication of the surrounding deep fascial structures. In a much larger series Hansen reviewed 139 patients that underwent HAV surgery and reported a 12.9% complication rate due to hallux varus (132). Joplin reports 1% incidence after performing HAV surgery with the benefit of an adductor transfer and EDL transfer from the fifth digit and this is the largest series identified prior to 1970 (133). In Hawkins review of 300 cases of the modified McBride procedure only 1% were documented as resulting in symptomatic hallux varus. Interestingly each of these three had radiographic evidence that correlated with violation of the lateral head of the FHB tendon; absence of the fibular sesamoid (127). He suggested correcting the deformity by transfer of the ABH to the plantar – medial aspect of the lateral base of the proximal phalanx with good results although he only reported follow-up on 3 patients with bilateral conditions. In the most recent report the incidence of hallux varus was reported as 4.71% resultant from 646 procedures including the chevron osteotomy, closing base wedge osteotomy and the Lapidus arthrodesis procedures performed for the correction of HAV deformity. Of the three procedure types the incidence of hallux varus varied from 1.48%, 2.94% and 0.29% respectively with the closing base wedge procedure associated with the highest incidence of occurrence (2). In light of the gravity of the diagnosis the literature reflects a growing appreciation for the condition over time detailing the nature of the deformity, biomechanical implications and describing a detailed surgical approach to correction (127 - 129, 134 - 136).  

II. Evaluation, diagnosis and functional anatomy
Hallux varus, as it applies to a complication of hallux abducto valgus (HAV) surgery, can be divided into two categories of deformity; static and dynamic. 
When Hawkins reviewed his cases of hallux varus (3 of 300 cases of McBride bunionectomy) he felt that the static deformities, those resultant of osteotomies, Silver bunionectomies and MTPJ arthroplasty, would realign with time and in a sense were considered the less severe of these conditions. The dynamic deformity on the other hand was considered the more disastrous of the two outcomes and is associated with recalcitrance to the conservative effort such as prolonged splintage of the hallux. The natural history of a dynamic hallux varus is well understood and is the result of musculotendinous imbalance and dysfunction about the 1st MTPJ which predictably progresses to include deformity of the hallux interphalangeal joint (HIPJ). When the abductor is unopposed by the adductor and the lateral capsular structures the normal stabilizing pull of the ABH becomes a deforming force pulling the hallux beyond neutral position destabilizing the great toe. Once the hallux translocates medial ward beyond neutral position on the metatarsal head the hallux begins to flex at the hallux interphalangeal joint (HIPJ) in an attempt to maintain weight bearing function. The hallux deviates both in the transverse and sagittal planes, medially deviating at the MTPJ and flexing at the HIPJ, resulting in hallux adductus (with or without varus rotation) with a concomitant hallux malleous deformity. The more medial the hallux deviates the more the flexor power of the flexor hallux brevis (FHB) is converted into a varus producing pull as the origin of the FHB rotates into a more dorso-medial position. As the hallux rotates into varus the pull of the flexor hallucis longus (FHL) tendon is medialized and prompts retrograde buckling of the hallux at the HIPJ. As the hallux continues to drift into varus the base of the hallux forces the metatarsal head to translate laterally resulting in increased  tension along the distal course of the extensor hallucis longus (EHL) tendon aggravating extension at the MTPJ level and further perpetuates flexion at the HIPJ. This can be seen in severe cases where the hallux is subluxed so far medially that there is a wide gap between the hallux and second digit with bowstringing of the EHL tendon along the first ray. Fig 2a 

 The dynamic deformity may be the result of congenital conditions that give increased muscle tone to the lower extremity in particular the intrinsic muscles of the foot (136-138). The development of lower extremity paralysis has been shown to disrupt the natural balance across the 1st MTPJ leaving the joint to drift into varus (139). If hyertonicity or spasticity of the intrinsic or extrinsic muscles of the first ray is present then even conservative bunion surgery may result in the development of a hallux varus due to adverse neuromuscular influence. Further there are some neuromusclular conditions that may well be exacerbated by the trauma of surgical procedures such as muscular dystrophy or multiple sclerosis. To avoid increased morbidity or even exacerbation of a stable or quiescent neuromuscular condition it is important to complete a thorough clinical evaluation to ensure that such conditions are not over looked. Due to the genetics of the disease some neuromuscular conditions can present across a large spectrum of ages. Patients of any age can be affected while the disease may not manifest until after being stimulated by the trauma of surgery. A good example would be the child that develops proximal leg weakness after heel cord lengthening to correct an equinus associated with flat foot and HAV. Muscular dystrophy can present in this manner and in fact there are many categories of this disease defined primarily by the age groups that they attack. Such conditions are associated with spasticity in the lower extremity and can be identified with basic clinical screening. Cursory deep tendon reflex testing could rule in such confounding dysfunction and maybe the first test leading to such an important diagnosis. It is unwise to perform elective surgery on patients with neuromuscular dysfunction until the entirety of their condition is understood. Appropriate neurologic consultations should always be pursued in advance of surgical consultations for elective foot surgery. Only then can all the medical specialties involved take the team approach to determine if palliative foot surgery has a role in management. 
The complexities of iatrogenic or acquired hallux varus has been well documented and it is most often due to the destabilization of the MTPJ by an over aggressive lateral release with or without lateral sesamoidectomy (126 -136). This is the case when the adductor tendon is released along with the lateral head of the flexor hallucis brevis tendon with or without removal of the fibular sesamoid. An overly tense plication of the medial joint capsule can create this condition when performed alone or in combination with an osseous procedure. An aggressive release of the lateral structures of the MTPJ leaves the medial intrinsics and ligamentous structures unopposed resulting in the medial deviation of the hallux and loss of joint congruity. Other factors may contribute to the occurrence of hallux varus such as: a long or short first metatarsal segment, a rounded 1st metatarsal head, an abnormally low 1st – 2nd intermetatarsal angle, ligamentous laxity, the inadvertent staking of the sagittal groove of the 1st metatarsal head as well as overly aggressive bandaging after HAV surgery. 

III. Criteria and Procedure Selection; Hallux Varus as a complication of HAV Surgery
Procedure selection is dependent upon the etiology of the deformity. The principle causes of over correction in bunion surgery include: excessive medial exostectomy, over aggressive medial capsulorraphy, over aggressive plantar lateral release, over aggressive osseous correction, overzealous post operative bandaging or any combination of these factors. Assessing the apex of the deformity in hallux varus is difficult as it is most commonly the result of a combination of osseous and soft tissue influences. For that reason the clinical assessment becomes paramount to procedure planning. Determining the full extent of dynamic influences may not come to light until a step wise approach to the soft tissue dissection and exploration of the 1st MTPJ and intermetatarsal space is completed. When the joint is simply luxated medially the reversal may be as simple as medial capsulotomy and digital splintage. When the hallux is subluxed a combination of procedures including a complete soft tissue release and a metatarsal osteotomy will likely be required. If the deformity is only semi reducible or range of motion is limited and or crepitant when in neutral position then consideration for a modified osteotomy is entertained. If it is felt that the length pattern of the metatarsal plays an important role in dysfunction then lengthening or shortening can be achieved via modified distal metaphyseal osteotomy as necessary. If the deformity is reducible but the normal morphology of the metatarsal head has been lost then reconstruction of the articular groove for the hallux and tibial sesamoid can be entertained. Reconstruction of the metatarsal head may not be possible and so salvage of the joint may not be feasible. 
A detailed clinical exam will shed light on the flexibility or reducibility of the deformity. When the deformity is reducible the range of motion at the MTPJ should be re-assessed in the corrected position to ensure that restored alignment does not cause impingement. If motion is restricted and or crepitant when the hallux is seated in neutral on the metatarsal then a salvage procedure may not be possible. Traditionally the 1st MTPJ arthrodesis has been suggested as the procedure of choice in these more complex deformities or when hyper mobility is so profound that it increases the risk of recurrent varus deformity.
 Considerations after an over aggressive exostectomy
The conservative bunion surgery aka exostectomy is intended to remove the excess medial eminence without violating the articulation of the tibial sesamoid. When the sagittal groove of this articulation is disrupted the pull of the medial head of the FHB and the ABH muscle is altered and the MTPJ is destabilized primarily

 in the transverse plane allowing the hallux to luxate medially. As a complex the medial head of the FHB, the abductor hallucis and the tibial sesamoid are varus producing. When the adductor and the lateral head of the FHB have been released in the process of soft tissue balancing in HAV surgery this complex remains unopposed and hallux varus ensues. Often a combination of structural deformities exist (overaggressive exostectomy and metatarsal realignment procedure) and the medial luxation of the hallux is accompanied by a negative intermetatarsal angle.  Salvage of this condition requires a combination of procedures; one to restore the congruency of the articular surfaces of the MTPJ and the other to achieve definitive correction of the first ray alignment. Once the structural deformity is corrected the dynamic balance between the adductor hallucis, abductor hallucis and the medial and lateral heads of the FHB tendons can be restored. Determining the procedure for correcting the first ray alignment is academic and is not unlike that used for selection of a primary bunion procedure. The procedure selection is dependent upon function of the 1st metatarsophalangeal joint, degree of residual MTPJ incongruity, 1st metatarsal mal alignment and medial column stability. If the deformity is rigid or semi flexible then the procedure must achieve 1st metatarsal re alignment and a first metatarsal osteotomy is required. The location of the osteotomy is dependent upon the degree of transverse plane correction required to create a congruous MTPJ. A distal metaphaseal osteotomy to translocate the metatarsal head medially may provide a definitive amount of correction. When a large degree of correction is needed a more proximal osteotomy will provide a greater degree of correction medializing the metatarsal angle to a greater extent. From a practical standpoint the majority of structural deformities occurring as a result of distal metaphyseal osteotomy (DMO) can be reversed with an osteotomy at a similar level in the metatarsal when the original procedure selection was reasonable for the deformity. If the deformity is very flexible or there is a considerable degree of instability at the metatarsal cuneiform joint then a proximal arthrodesing procedure will provide more effective realignment and stabilization of 1st ray segment. In any structural realignment a sequential soft tissue dissection is required to determine if there has been significant disruption of the muscle tendon balance contributing to MTPJ instability. These soft tissue procedures are an important adjunctive measure to ensure optimal functional outcome.  
Radiographic Evaluation in Hallux Varus
Plain radiographs in 3-orthogonal planes will be most helpful in assessing the extent of deformity and soft tissue contractures present. The presence of lose bodies, degenerative changes within the joint and significant osteochondral defects will be elucidated within standard foot views. The most thorough assessment of 1st ray position and alignment includes four views. Specifically the dorso-plantar (DP), medial oblique (MO), lateral and fore foot (FF) aka sesamoid axial views are of value in these instances. The extent of hallux subluxation and degenerative changes that have occurred due to medial joint impingement will be evident on the DP and medial oblique views in particular. Damage to the joint spaces of the cristae and abnormal position of the sesamoid apparatus are best assessed on the FF axial views. When there are end stage degenerative changes within the sesamoid apparatus and the deformity is rigid or semi reducible the choice of procedures for correction becomes limited and supportive of a joint destructive procedure.  Stress radiographs will elucidate how much of the deformity is reducible and will shed light on how much of the metatarsal position is due to retrograde pressure from the subluxed hallux. By reducing the hallux to a neutral position on the metatarsal head the DP and FF axial views in particular will reveal how the joint surfaces have adapted over time and whether the sesamoid apparatus can be manipulated to a congruous position beneath the cristae of the first metatarsal. When a fully reducible deformity is present a step wise approach beginning with soft tissue reconstruction is suggested. Intra operative findings will dictate if an osseous procedure will be required to achieve definitive reduction of the deformity. While it is not reasonable to diagnose osteoporosis from plain radiographs they do reveal characteristics about bone quality that can impact plans for internal fixation. By critically evaluating the presence or absence of normal trabeculations within the first ray segment a general estimate regarding bone stock can be made. This will help determine what form of internal fixation will be most appropriate should an osseous procedure be required. 
Soft Tissue Re balancing in the correction of Hallux Varus

The surgical correction of hallux varus proceeds in a stepwise fashion not unlike that for a sequential reduction and joint realignment for the lesser digits. The sequence begins with a complete soft tissue release, correction of structural deformity, tendon realignment or transfer, tibial sesamoidectomy and ultimately joint arthroplasty.
TECHNIQUE
The dissection for soft tissue rebalancing begins with the incision and any cicatrix contractures should be addressed at this time. The traditional “Z”- plasty technique can easily be applied to the skin of the 1st interspace or medial incision in line with the direction of the contracture (140). Reflection of the subcutaneous structures can be completed with blunt dissection using a moistened gauze sponge to expose the deep capsular structures medially and laterally.  
When exploring the contractures of the 1st MTPJ a clockwise approach is considered in an order just the opposite of that used in hallux abducto valgus correction. The valor of a complete soft tissue release of the joint has been emphasized for the correction of hallux varus (140). The stepwise exploration begins at the medial aspect of the joint to identify anatomic factors contributing to the medial ward hallux contracture. In longstanding deformity adaptive changes and compensatory mechanics may result in numerous cofactors contributing to the development of halllux varus such as contractures of the adbuctor hallucis, medial head of the short flexor, tibial sesamoidal ligament and the medial joint capsule. The key to successful capsular release is to ensure adequate lengthening while maintaining ample soft tissue for coverage of the joint upon closure. The medial contracture of the joint capsule is a major culprit for deformity and it can be lengthened in a variety of ways. The design of the lengthening, “V” to “Y” versus “Z” plasty versus “U” lengthening, is not as important as its location about the joint and the amount of length achieved from the procedure. If the procedure is performed at the center of MTPJ insufficient capsule is left for coverage of the joint after abduction of the hallux (135). 
Fig. 22 Capsular repair can be completed with the benefit of 3.0 undyed Vicryl. The soft tissue rebalancing cannot be expected to counter residual structural deformity and so the position of the joint is reassessed at each step in the procedure to determine whether residual deformity exists and at what level of the 1st ray osseous correction should be pursued when necessary. A residual negative intermetatarsal angle is the impetus for sequential soft tissue release and consideration for the addition of an osseous procedure. 
With dissection to the level of the deep transverse intermetatarsal ligament (DTIL) the condition of the lateral joint structures will become apparent. The DTIL or remnants may remain intact or post surgical fibrous adhesions may be serving to produce a negative intermetatarsal angle. The same is true for the adductor tendon and so the insertion of the conjoined tendon should be identified and transected if found intact or fibrosed in. After lateral fibrous and ligamentous structures have been liberated the position of the 1st MTPJ should be reassessed. Fig 23 a & b  &dIf there is evidence of residual contracture or if joint motion is restricted, then the underside of the joint should be stripped using a McGlamry metatarsal elevator and the mobility of the sesamoid apparatus should be evaluated. If the tibial sesamoid appears fixed to the inferior aspect of the metatarsal head then strong consideration for sesamoidectomy should be entertained. Once the decision to resect the tibial sesamoid is made decision making regarding the osseous procedure and how aggressive the metatarsal is medialized is critical to long term functional success. The combination of tibial sesamoidectomy with a medializing metatarsal osteotomy increases the risk of over correcting the deformity and leaving the MTPJ unstable. The natural history of progression of hallux abduction and 1st MTPJ instability are well recognized and so overcorrection is an obvious hazard.

If there is evidence of excessive metatarsal abduction or button holing of the metatarsal head through the lateral joint capsule then an osseous procedure is required in combination with lateral capsulorraphy. When countering the negative metatarsus adductus angle a number of techniques may be used and these include distal metaphyseal osteotomy, proximal metatarsal osteotomy or metatarsal cuneiform joint arthrodesis. Current technology has streamlined the suture and button technique for anchoring soft tissue and bone for such cases. Fig 24. a-g As McBride originally described in HAV surgery, a circlage technique using monofilament wire or non absorbable suture was used to lateralize the 1st metatarsal bone.  The opposite effect can be achieved using a modification of that using the button and suture technique (e.g. mini tightrope system”; Arthrex Inc. Naples, Florida) Fig 
When a distal metataphyseal osteotomy is performed the original osteotomy site can be used if bone quality is sufficient there. Once the osteotomy has been cut the direction of the internal fixation is best applied from proximal – dorsal - lateral to distal – plantar - medial. This orientation will capture the largest portion of the metatarsal head while crossing the region of highest bone to bone contact. Internal fixation devices are a matter of the surgeons’ preference and standard or absorbable devices are appropriate. It is possible that bone insufficiency contributed to mal union initially and in that event it is best to perform a proximal metatarsal osteotomy to create an optimal foundation for internal fixation devices and improved bone healing capacity.  If the bone quality at the original osteotomy is suspect, if there is dark discoloration or evidence of significant sclerosis of bone then performing a more proximal osteotomy will afford better quality bone stock for healing purposes. 

 In cases of long standing deformity and joint incongruity there may be evidence of osteochondrosis, formation of loose bodies and or significant osteochondral defects of the subluxed joint. Before rebalancing the capsular structures the joint should be inspected to remove loose bodies and or osteochondral defects. If there are small defects noted on the medial aspect of the metatarsal head or phalanx base subchondral drilling should be considered to encourage vascular ingrowths and fibro cartilage replacement at these surfaces. If large osteochondral defects are noted then ancillary cartilage repair techniques including autogenous or allogenic cartilage grafts should be considered. Some have supported the use of allograft soft tissue materials e.g. Graft Jacket  (trade name) to cover such defects in cases of hallux limitus and the premise for its use here would be quite similar (141, 142).  
At this point transfer of the abductor hallucis (ABH) tendon to the lateral capsule can be entertained. The logic applied here is the same as that used for the adductor tendon transfer used to supplement the correction of HAV deformity. If the ABH tendon is stout and in good condition it can be routed beneath the extensor hallucis longus (EHL) tendon and anchored to the dorso-lateral joint capsule. This tendon transfer can be secured with the benefit of 2.0 undyed Vicryl in an interrupted, over and over stitch firmly securing the ABH prior to definitive closure of the capsule. Hawkins described an alternate transfer of the ABH where the tendon is first transferred between the inferior aspect of the 1st metatarsal and the short flexor tendon to the lateral aspect of the metatarsal. The ABH tendon is then run through a drill hole in the proximal phalanx base from lateral to medial and placed under physiologic tension (127). If the adductor tendon can be identified and isolated it can be incorporated into the plantar lateral capsular repair. When it is salvageable after HAV surgery, this tendon can be transferred to tighten the lateral capsule and will supplement derotation of the capsule and sesamoid apparatus. With the abductor attached dorsally and the adductor attached plantarly the lateral capsule will be balanced affording enhanced abductory pull and stabilizing strength. Depending upon the girth of each tendon (ABH & ADDH) they can be sutured together at the dorsal lateral capsule (if both tendons appear to be relatively asthenic or degenerative) or one can be transferred to the plantar capsule to create a balanced lateral pull (if both appear to be stout and are of good quality). Both techniques have been suggested in the literature (127,135,142). The extensor hallucis longus (EHL) tendon has been used for transfer to provide an abductory pull on the lateral capsule (144). The successful mechanics of this transfer is reliant upon an intact DTIL to serve as a pulley. The EHL tendon, once attached to the base of the proximal hallux phalanx, will be a more effective abductor when its pull is supported and directed by the DTIL. If the DTIL ligament has been previously transected, as is often the case, the transfer will not be effective (144). Adjunctive procedures such as arthrodesis of the hallux interphalangeal joint, the Jones teno-suspension or a modified Akin osteotomy can be entertained if warranted. Poehling and DeTorre described the HIPJ arthrodesis and Jones teno-suspension as viable adjunctive procedures when hyperextension at the MTPJ and flexion of the HIPJ were concomitant deformities. This approach should be used with caution as the absence of the EDB may result in a drop - toe deformity as they reported in their original article (143). Capsule closure can be completed using undyed 3.0 Vicryl in an interrupted type stitch. Using non absorbable suture may be desired if there is concern regarding the strength of the capsule closure. When using a non absorbable variety of suture the benefits in strength are countered by the potential of a developing suture reaction or prolonged inflammation. A layered closure is performed with the hallux in rectus alignment and the 1st MTPJ in a congruous position. Since the goal is restoring muscle tendon balance the idea of holding the hallux in an over corrected position is contra indicated. A sterile compression dressing with the hallux splinted in neutral position is supplemented by a compression dressing. The fore foot can be completely off loaded with the benefit of a heel wedge shoe or by simply padding the proximal 2/3 of a firm soled surgical shoe with ¼” felt.  The compression dressing is removed in 3 days to 7 days after surgery. The hallux should be splinted in neutral position and a short leg elastic stocking can be worn to prevent fore foot edema. Protected weight bearing with the fore foot off loaded should continue for 4-weeks. If a metatarsal osteotomy has been performed then protected weight bearing should continue until radiographic healing is visualized between 6 weeks to 8 weeks in the adult. Fig 25 In younger patients this period may be more abbreviated such as 3 weeks to 6 weeks. Thereafter if there is sufficient clinical progress the patient can be advanced into a firm soled athletic shoe.  Activity is advanced to usual daily maneuvers as tolerated over the next 6 week interval with continued hallux splintage in neutral position. Athletic activity is delayed until sufficient clinical evidence of sustained correction has been witnessed often after as much as 10 - 12 weeks allowing for complete bone consolidation and tenodesis maturation. Serial radiographic evaluation is performed every 2 weeks until bone consolidation is achieved. Thereafter monthly radiographs will document maintained position and alignment as progression to aggressive weight bearing activities has been completed. Thereafter quarterly radiographs will document successful rebalancing without recurrence unless new symptomatology or injury develop.
PEARLS / PITFALLS
Hallux varus after over aggressive medial exostectomy; an alternate technique
One viable technique for salvage of the 1st MTPJ function after an over aggressive exostectomy is to graft the metatarsal head and restore a more normal cubic content for articulation with the phalanx. When reinforcing the region with bone graft the convex surface of the metatarsal head is supplemented and a foundation for the phalangeal base articulation is restored (33). The purpose of this technique is to restore a more normal morphology to the first metatarsal head allowing for congruous articulation with the hallux base and was originally described to reverse the ill effects of hallux varus resulting from HAV surgery. 
Arthroplasty as an alternative in hallux varus

Once the sagittal groove has been violated and the articulation for the hallux base and tibial sesamoid lost the hallux no longer has an articular buttress preventing it from slipping into a medial or varus rotation. After an over aggressive exostectomy a joint salvage procedure may not be possible. In patients bedridden, wheel chair bound or low demand, sedentary patients an arthroplasty to remove the phalangeal base may be enough to reduce the deformity, eliminate painful bone prominence and reduce risk of ulceration (34).  In select patients the Keller procedure can provide an apropulsive gait that allows for effective weight transfers and pivoting necessary for basic low weight bearing daily activities. Care must be taken to perform a meticulous capsulorraphy and include re attachment of the long extensor tendon to the residual phalanx to prevent the development of a hallux extensus deformity when this procedure is performed.
When excessive bone loss results in instability of the metatarsophalangeal joint it may not be possible to recreate a supporting surface for the hallux base. In higher demand patient’s the Keller arthroplasty is not a functional option.  In the face of significant MTPJ incongruity after aggressive exostectomy a joint destructive procedure such an arthrodesis may provide the most predictable and arguably the most definitive correction of the deformity. 
Neuromuscular Disease as an etiology to hallux varus
If hyertonicity or spasticity of the intrinsic or extrinsic muscles of the first ray is present then even conservative bunion surgery may result in the development of a hallux varus due to adverse neuromuscular influence. Further there are some neuromusclular conditions that may well be exacerbated by the trauma of surgical procedures such as muscular dystrophy or multiple sclerosis. To avoid increased morbidity or even exacerbation of a stable or quiescent neuromuscular condition it is important to complete a thorough clinical evaluation to ensure that such conditions are not over looked. Due to the genetics of the disease some neuromuscular conditions can present within a large spectrum of age groups. Patients of any age can be affected while foot deformity may not manifest until after an inciting event such as the trauma of surgery. A good example would be the child that develops proximal leg weakness after heel cord lengthening to correct the combination deformity of equinus, peritalarsubluxation and HAV. Muscular dystrophy can present in this manner and in fact there are many categories of this disease defined primarily by the age groups that they attack. Such conditions are associated with hip girdle  weakness and pseudo hypertrophy of the triceps surae muscle groups. Associated dysfunction can often be identified with basic clinical screening. Cursory deep tendon reflex testing can identify spastic hemiplegia and other signs of upper motor neuron lesions and may be the first sign leading to an important diagnosis such as neuromuscular disease. It is unwise to perform elective surgery on patients with neuromuscular dysfunction until the entirety of their condition is understood. Appropriate neurologic consultations should always be pursued in advance of surgical consultations for elective foot surgery. Only then can all the medical specialties involved take the team approach to determine if palliative foot surgery has a role in management. 

Adjunctive Procedures; Hallux Varus Associated with 1st MTPJ Hyperextension and Hallux Flexion Deformities 
Adjunctive procedures such as arthrodesis of the hallux interphalangeal joint, the Jones teno-suspension or a modified Akin osteotomy can be entertained if warranted. Poehling and DeTorre described the HIPJ arthrodesis and Jones teno-suspension as viable adjunctive procedures when hyperextension at the MTPJ and flexion of the HIPJ were concomitant deformities. This approach should be used with caution as the absence of the EDB may result in a drop - toe deformity as they reported in their original article (143).
Bone Healing Complications

INTRODUCTION

The bone healing complications associated with the HAV surgery include delayed union, non union and mal union of bone. In fact these three conditions may constitute a spectrum of bone healing abnormalities and in HAV surgery can result in a mal united and mal positioned osteotomy. These three conditions are closely related however they are defined individually and so will be treated as distinct entities for the purpose of discussing complications in HAV surgery. Only clinically significant or symptomatic conditions will be discussed herein.
MALUNION
A mal union, for practical purposes, is described as any angular, axial or rotary deviation of an osteotomy other than that intended from the original procedure.  From a functional standpoint only those cases that are symptomatic are of clinical significance. Dorsal tilting of the osteotomy segment is perhaps the most common of bone healing complications and has been reported as occurring from 1.6% to 14% of cases although in the largest study less than 2% incidence was reported and no clinical significance was reported (140, 148). 
Regarding proximal metaphyseal osteotomies a mal union resulting in an elevatus will undoubtedly become symptomatic and functionally important. In this event the condition requires serious consideration for revisional surgery should prescription orthosing and shoe gear modification fail to alleviate symptoms. A complication that can largely be avoided by adherence to a post operative course of non weight bearing during the primary bone healing process. 
Evaluation and procedure selection

Radiographic evaluation is the mainstay in the assessment of a mal union. Should perfusion or mineral deficits be suspected than ancillary imaging such as Nuclear Medicine Imaging (NMI) or Magnetic Resonance Imaging (MRI) or Computed Axial Tomography (CAT) will be of value. In most cases plain radiographic  evaluation performed in standard orthogonal planes will elucidate the nature, location and extent of the mal union. The lateral view is most helpful in determining the extent of sagittal plane elevation of the part while shedding light on the condition of the residual joint space. The dorso plantar and fore foot axial views will help to identify any degree of combination (transverse or frontal plane) deformity that may complicate the potential for orthotic management. 

In reviewing 109 feet after proximal metatarsal osteotomy and interspace release a 28% incidence of radiographic elevatus was reported without associated clinical symptomatology or new transfer lesion (149). It is believed that up to 10 degrees of dorsal elevatus of the capital fragment can be tolerated without clinical ramification as long as joint congruency has been maintained (150). 
The functional significance of subtle dorsal mal alignment of the metatarsal head may be of no clinical significance as long as a functional position and alignment of the joint has been achieved and maintained. While transverse and frontal plane deviations do occur their sequela falls into the category of over correction or under correction of the original deformity and those conditions are discussed earlier in this chapter. 
Radiographic assessment of the osteotomy site can help elucidate the reason for mal union. If a sclerotic line is apparent in the region of the mal union then it is likely that motion prevented bone healing and instability resulted in deviation of the bone segment. When a significant loss of normal bone trabeculations is apparent then it can be presumed that an underlying osteopenia or osteoporosis is contributory. When there is evidence of proliferative bone callus formation then it is suspected that a delayed bone healing process has contributed to instability of the part and eventual mal alignment developed with progressive weight bearing. 
When clinically significant a dorsal elevatus of the first metatarsal head will yield joint dysfunction and limitation of motion that prompts biomechanical compensations and transfer metatarsalgia. When present these mechanical compensations can result in imbalance and proprioceptive deficits that increase the risk of falling. As a consequence, when symptomatic, 1st metatarsal elevatus is clinically important and should be addressed as soon as it is identified. This condition is not one that the patient will “get used to” or adapt to and places the patient at an increased risk for injury. In essence this patient has traded a bunion deformity for hallux limitus. As time goes on less weight is accepted by the medial column of the foot and transfer lesions will develop in association with lesser digital deformities. Porokeratomas, nucleated and even neuritic hyperkeratotic lesions may develop as a result of this important imbalance.  When hypertrophic or heterotopic bone develops about the periphery of the joint, most commonly the dorsal 1st MTPJ, shoe gear irritation becomes prevalent. To best understand the impact of the metatarsus elevatus determining whether an intrinsic (structural) or extrinsic (positional) elevatus is present is important (15).  
An intrinsic metatarsus elevatus can occur as a complication from a mal union of a proximal metatarsal osteotomy resulting in an elevated position of the part. First MTPJ mal alignment due to an intrinsic deformity results in joint impingement and an abnormal wearing of the articular surfaces. While a functionally important intrinsic elevatus can occur from a distal metatarsal osteotomy the literature discusses the ramifications of this as a complication of proximal metatarsal surgery much more frequently. 
Conservative Treatment
When a clinically important intrinsic metatarsal elevatus is the result of HAV surgery the resulting condition is hallux limitus. Conservative management for this joint mal alingment and dysfunction can be achieved with the benefit of a prescription orthotic device that provides a Morton’s extension to off load the joint and balance the lesser metatarsal segments. The use of a poly laminate material can provide enhanced shock absorption and support that allows pain free ambulation. When a semi flexible orthotic device with a semi rigid extension along the distal first ray segment is enhanced with these shock absorbing materials an orthotic device can be curative. Of course the orthotic device will be required for a life time and bare foot activities are unlikely to be tolerated. Often, continued limitation of activities despite modified orthoses, is not satisfactory for many patients and in younger more active individuals it is predictably futile. Definitive surgical procedures can be divided into three categories; 1. Salvage via revisional procedure or surgical reconstruction, 2. Lesser metatarsal osteotomy to address discrete transfer lesions or 3. Joint destructive procedures. Salvage procedures may include either distal or proximal metatarsal procedures while joint destructive procedures may require arthrodesing procedures or in the most severe cases pan metatarsal head resection.   
Surgical Management Intrinsic Metatarsal Elevatus

I. Revisional DMO to correct clinically significant capital fragment elevation

When the mal union is the result of a distal metaphyseal osteotomy (DMO) revision of the index procedure (DMO) can be entertained as long as the underlying bone quality permits and no significant shortening is apparent. When significant shortening is present simple revision of the DMO will likely be met with failure. Complicating conditions such as osteopenia and osteoporosis (or systemic disease resulting in the same) add to the difficulty of revisional surgery. Enhanced fixation techniques can be employed to prevent recurrence of the deformity. 
TECHNIQUE

The technique of revising a distal metatarsal osteotomy has been described earlier in this chapter. Modifications of the revisional DMO to achieve plantar flexion of the metatarsal head include a dorsally based opening base wedge osteotomy with placement of a small allogenic or autogenic graft wedge cut to fit for derotating the capital fragment. This osteotomy is created by scoring a dorsally based wedge in the medial aspect of the distal metaphyseal region of the metatarsal. A 0.045 k-wire is used as an axis guide using the same principles discussed earlier in the section on the closing base wedge osteotomy. The size of the wedge is dependent on the degree of plantar flexion required to create a congruous joint. A similar procedure can be performed using the closing wedge technique. A dorsal apex and a plantarly based wedge osteotomy will derotate the metatarsal head in a similar fashion. The closing wedge technique avoids the need for bone graft and may be technically easier to perform. Standard 0.062 k-wires or cancellous screws are used for definitive fixation. Absorbable devices will work in these procedures however in revisional surgery the additional risks of geode formation compromising the repair or more important foreign body response tilt the risk benefit ration in a negative direction and so are discouraged. Regardless of the distal procedure selected the intraoperative goals that must be achieved for successful joint function are plantar rotation of the capital fragment and congruency of the 1st MTPJ allowing for unrestricted motion. 
II. Revisional proximal metatarsal osteotomy to correct intrinsic metatarsal elevatus 
When the index procedure was a proximal metatarsal osteotomy revisonal surgery is a matter of surgeon preference. The most common surgical options include a proximal metatarsal shaft procedure, a modified closing base wedge or a 1st metatarsal cuneiform arthrodesis. Each of these procedures has been discussed in detail earlier in this text. When considering correction of this deformity surgical goals can be divided into two categories; 1. Correction focused upon the apex of deformity and 2. Chief complaint surgery. From a purist perspective elective foot surgery should be geared to correct the apex of structural deformity to provide optimal function in a pain free manner. However as a matter of principle surgeons may choose to perform elective surgery for one goal or the other depending on certain variable such as the surgeons preference and ability, the circumstance leading to the deformity (injury, congenital or iatrogenic deformity) and the patient type ( age and desired activity of daily living).  
TECHNIQUE

a. Reproducing and reversing the index procedure to correct intrinsic metatarsal elevatus; Long oblique closing base wedge osteotomy
When the index procedure was an oblique base wedge osteotomy the original osteotomy line will be readily apparent once the initial dissection has been completed down to the deep fascial layer. The periosteum is minimally dissected whenever possible to provide exposure of the part and provide later coverage of the fixation device(s). After close scrutiny of the original osteotomy line manual instrumentation is used to re-score the line of the osteotomy. This will provide a track for the osscilating blade to follow during resection of the part. Care is taken to gently remove existing internal fixation devices to best preserve the cubic content of bone. The MCJ is identified and a 25 gauge needle is placed within the joint as a proximal joint landmark. Once fixation has been removed an axis guide is driven through the metatarsal base in the transverse plane from medial to lateral and the osteotomy is scored to create a long oblique plantarly based wedge. This configuration will allow for plantar flexion of the metatarsal as the wedge is slowly closed with reduction forceps.  The osteotomy is cut keeping the blade parallel to the axis guide taking care to create and maintain the proximal dorsal hinge. Fig 25 .  It is important to perform this maneuver under continuous saline lavage to avoid thermal necrosis and helps to avoid subsequent bone healing complications. Once the wedge of bone is completely resected the proximal osteotomy is inspected to ensure that there are no retained bone fragments deep within the osteotomy. A bone reduction forceps is used to slowly close the osteotomy and to stabilize the parts while provisional fixation is applied. Intraoperative fluoroscopy or plain films should then be obtained to confirm adequate position and alignment of the first ray. The foot should be loaded to simulate weight bearing and the position of the first ray and range of motion about the 1st MTPJ should be critically evaluated to ensure that excessive plantar flexion has been avoided. The long oblique osteotomy often facilitates fixation with 2 small parallel cancellous screws when oriented from dorsal distal to plantar proximal within the metatarsal base. Once satisfied with the position and alignment copious irrigation is followed by a layered closure ensuring complete deep fascial coverage of the fixation devices. A sterile compression dressing is applied beneath a modified Jones compression dressing fortified with a cryotherapy unit.  

TECHNIQUE
b. Closing short oblique plantarflexory wedge osteotomy to correct intrinsic metatarsal elevatus
The geometry and concepts surrounding the hinge axis guide and radius arm of closure have been discussed in a comprehensive fashion earlier in this text. The nuances regarding modifying that procedure to achieve plantar flexion in a closing wedge fashion are important. Here the axis guide is prepared approximately 1cm distal to the 1st metatarsal cuneiform joint (MCJ) to provide a dorsal cortical hinge. The MCJ should be identified and marked with the benefit of an 18-guage needle to serve as a landmark to prevent violation of this proximal joint. Exposure of the base can be difficult due to the natural morphology depth of the 1st metatarsal base. Complete periosteal stripping about the proximal metaphysis is required to facilitate application of the axis guide and the plantarflexory osteotomy. Using a 0.062 K-wire the axis guide is run through the proximal metatarsal base from medial to lateral purely in the transverse plane. When this distally based plantar wedge is resected appropriately the axis will allow motion strictly in the sagittal plane. The osteotomy may be modified to create an osteotomy perpendicular (rather than oblique) to the axis. This will create a smaller osteotomy that rests primarily within the diaphyseal metaphyseal junction of bone. The more proximal the hinge axis the more effective the radius arm for reversing the elevatus deformity. If the shorter, perpendicular osteotomy is performed then closure can be secured with the benefit of crossing 0.062 k-wires or screws, small Steinman pins, horizontal circlage wire, or staples. Absorbable devices will work in these procedures however in revisional surgery the additional risks of geode formation compromising the repair or more important foreign body response tilt the risk: benefit ration in a negative direction and so are discouraged. 
Copious irrigation is followed by a layered closure ensuring complete deep fascial coverage of the fixation devices. A sterile compression dressing is applied beneath a modified Jones compression dressing fortified with a cryotherapy unit.  

TECHNIQUE
c.  Opening plantarflexory wedge osteotomy to correct intrinsic metatarsal  
     elevatus

The opening wedge osteotomy can be performed to achieve plantar flexion of the first ray. The level of the MCJ is marked using an 18- gauge needle. An axis guide is driven from medial to lateral through the transverse plane of the inferior quadrant of the 1st metatarsal base. The wedge osteotomy is scored to create an oblique dorsally based wedge. Satisfied with the osteotomy plan the wedge a sagittal saw is used to cut the segment and the wedge of bone is removed. The osteotomy is planed gradually as each pass of the saw resects 1mm at a time  The metatarsal segment is manipulated into plantar flexion further opening the wedge until adequate reduction of the elevatus has been achieved. A cortical graft must be incorporated into the construct to maintain position and alignment. Cortical bone is desired as it will provide durable support and resists subsidence and loss of correction as the graft incorporates. The size of the graft is dependent upon the degree of correction required to reduce the metatarsal elevatus. Autogenous graft has numerous benefits over its allogenic counterpart and graft materials are discussed in detail in a prior chapter. Autogenous bone can be procured safely from the body of the calcaneus as this affords a large surface area for graft procurement even a large graft can be obtained from this region (62).  Some authors would subscribe that the calcaneal defect residual from this graft does not need to be refilled as the healthy cancellous nature of the calcaneal body heals predictably. Others feel it is best not to leave any osseous deficiency prior to closure of the wound and so use allogenic bone to fill the harvest site void. Fixation of the graft within the metatarsal osteotomy can be achieved with the benefit of standard or cannulated screws. With a bone clamp in place the osteotomy is closed compressing the graft dorsally. Provisional fixation is applied with the benefit of k-wires and intraoperative fluoroscopy or plain films will confirm reduction of the deformity. Definitive fixation is completed with inter fragmentary fixation complimented with a combination of plate and screws.  Copious irrigation is followed by a layered closure ensuring complete deep fascial coverage of the fixation devices. A sterile compression dressing is applied beneath a modified Jones compression dressing fortified with a cryotherapy unit.  
Post Operative Care for Proximal Metatarsal Osteotomy in Revision HAV surgery 
Regardless of the proximal osteotomy performed the post operative course is generally the same. The compression dressing is changed after 3 to 7 days and a short leg fiberglass cast is applied. Non weight bearing is to continue from 6 to 8 weeks depending upon radiographic evidence of bone consolidation. Protected weight bearing is initiated only after evidence of bone consolidation has been confirmed.  The hazards of an overzealous return to weight bearing may well compromise the reconstruction and prompt another mal union or non union of bone. Weight bearing is titrated slowly to tolerance in a CAM walker and serial radiographs are obtained every 2 weeks unless otherwise indicated by a change in clinical symptoms. The development of pain, unusual edema or warmth in the region of the osteotomy are harbingers of instability and non weight bearing should be reinstituted until stability of the construct can be confirmed. Once the patient is converted into a firm soled walking shoe activities can be further advanced and radiographs may be taken monthly as needed. It is prudent to follow these cases out until athletic activities have been advanced and tolerated for months. The 6 and 12-month post operative radiographs are generally representative of the long term result of the procedure.   
DELAYED UNION AND NONUNION OF BONE

Definitions and Evaluation

Delayed union is defined by the Arbeitsgemeinschaft for Osteosynthesefragen / Association for the Study of Internal Fixation (AO/ASIF) as a fracture that is not united by 4 to 5 months (151). Others have suggested that the delayed union is the absence of healing in 2 to 6 months (152). Still others propose that the delayed union is a failure to demonstrate evidence of healing at an average rate for a specific location and type of fracture (153). Each of these definitions takes into consideration both radiographic and clinical signs of fracture healing. Radio graphically, when gaps within a fracture site persist it is suggested that granulation tissue (not scar) is present. When this correlates with continued outward signs of clinical change such as mild inflammation commensurate with fracture healing then the condition is said to be in a state of delayed union. During this time protection and immobilization of the part is hallmark in therapy. The addition of external bone stimulation devices at this juncture is a matter of individual philosophy in fracture management. 
 Regarding the first metatarsal specifically the definition is not so well established and delayed bone healing has been defined as a range from 4-months to 8-months after the initial insult whether it be trauma or elective surgery.  In one large study of first metatarsal osteotomies 500 procedures performed with k-wire fixation only one delayed union and no non unions were reported. The working definition of a delayed union here was a lack of clinical or radiographic consolidation by 8-weeks after surgery but achieving bone union by 8-months (148). Watson Jones felt it best to discuss concepts of bone healing by virtue of the appearance of bone radio graphically and described a “slow union” as separate and distinct from a delayed union or nonunion. The term slow or indolent bone union was used to describe a fracture that had the appearance of an early fracture despite more than a few weeks of healing. Here the fracture lines remain visible without evidence of fracture gap or callus formation. This fracture is not a form of nonunion and will heal with appropriate immobilization (154, 155).  Fig 26 a & b In the delayed union fracture repair is not complete and the fracture gap is filled with granulation rather than scar tissue in contrast to the sclerotic change noted in nonunion of bone. The sclerotic zones develop in a nonunion as the medullary canal actually seals off both ends of the fracture and prohibits closure of the fracture gap. If the local physiology is sufficient a bursal projection may be interposed at the fracture site and a pseudo arthrosis manifests radio graphically.

Over time the definition of the spectrum of healing from delayed union to nonunion of bone has varied considerably among physicians and even from region to region. This became clinically relevant with the advent of internal and external bone stimulation devices. In the early 1980’s when a physician chose to use a bone stimulator it became a matter of added expense in fracture management and health care and its’ use was not without controversy (156). 
For that reason the definition of a nonunion, a condition where the prognosis was that bone would not heal, became clinically important. The clinical criteria declaring the difference between a delayed union and a nonunion became a bone of contention between the physicians and the insurance companies. Use of the latest technology in bone stimulation devices required preauthorization and approval which was and continues to be tightly controlled by the insurance companies and was most often denied.  Due to controversy in determining what was a delayed union, a condition where it was suggested bone healing may ensue versus a nonunion the need for a strict definition was declared. The United States Food and Drug Administration then developed a definition of a nonunion for the purpose of testing bone healing devices. Since this time the diagnosis of a nonunion could only be established after a period of 9 -months had elapsed from the time of injury without radiographic evidence of healing over a 3-month period of time (157, 158). Clinically speaking it may be most appropriate to discuss delayed union of bone by virtue of outward signs and or symptoms of continued bone healing such as persistent swelling, erythema or calor in the region of fracture. Radio graphically the continued inflammation of a delayed union results in resorbtive changes and widening of the fracture gap with obliteration of the fracture margins. The fracture margins of the delayed union are obscured as opposed to having very well defined margins as in a slow or indolent union of bone. In some cases the clinical symptoms are significant yet radiographic findings maybe unimpressive and so both should be taken into consideration. The documentation of clinical symptomatology and serial radiographic findings are important in any event and will support the diagnosis. The mainstay in therapy for the delayed union is conservative and includes immobilization and the benefit of external bone stimulation as desired. Generally speaking the delayed union has a good prognosis with conservative therapies. 
NONUNIONS

Non unions have been classified based upon perfusion about the fracture site in conservative fracture management and are categorized as either hypertrophic or atrophic. This clarification is made based upon plain radiographic findings and can be further elucidated by nuclear medicine imaging. Classification schemes for non unions are largely based upon non unions occurring in the long bones of the lower extremity (153). A hypertrophic nonunion exists when there is a proliferative, well vascularized bone reaction at the fracture site. Usually this proliferative fibrous tissue will progress by calcifying and ultimately ossifies as it matures. The hypertrophic nonunion is considered a viable bone healing condition most commonly associated with fractures that have been closed reduced and have the potential to respond to bone stimulation. Hypertrophic non unions can be further subdivided based upon their morphology and the amount of bone callus present; The elephant foot has a large amount of bone callus with an expanded rounded periphery of the parts, the horse hoof has a moderate amount of bone callus with relatively flat flush segments and the oligotrophic nonunion where the parts are not hypertrophic and there is no evidence of bone callus. An atrophic nonunion is distinct in that there is no evidence of local bone reaction and the site is not well vascularized. Typically the avascular condition is associated with open reduction and internal fixation of fracture. It is intuitive that this condition may develop after severe trauma such as open, comminuted fractures and degloving injuries where vascular structures may have been damaged or stripped from the fracture site. Atrophic non unions can be subdivided into torsion wedge, comminuted, defect and atrophic non unions and are described based upon the appearance of the nonunion site. Classification of the type of the nonunion is directly related to treatment strategies as they define the viability i.e. vascularity of the non united fragments and their morphology. Generally speaking hyper vascular non unions can be expected to heal with debridement, compression and rigid fixation of the parts. Atrophic non unions in contrast require resection of the degenerate bone ends and supplementation with bone graft prior to coaptation of the parts and rigid internal fixation. The repair of non unions on the whole require the same basic principles in fracture management such as anatomic alignment, compression, and rigid internal fixation of the parts complimented by non weight bearing immobilization. 
A lack of radiographic evidence of bone union 6-months after the index procedure without signs of healing on serial radiographs suggests the diagnosis of nonunion and becomes a diagnosis of exclusion by 8 to 12-months. Today the diagnosis of a nonunion has become more a matter of clinical impression and the diagnosis is made when there are no progressive radiographic signs of bone healing on plain x-rays. 

 The incidence of nonunion has changed over time as the study of fracture management has evolved and the concepts of anatomic reduction and rigid internal fixation have been emphasized. Historically the tibia has been touted as the long bone with the greatest propensity for bone healing complications; specifically nonunion (159).  In Boyd and Lipinski’s study of 741 patients delayed union and nonunion of bone the femur had the highest incidence of nonunion followed by the tibia, humerus, radius, ulna and clavicle respectively (160). Here the diagnosis of nonunion was confirmed with the presence of one or more radiographic findings such as obliteration of the medullary cavity, evidence of a pseudo arthrosis with or without false motion and sclerosis about the fracture ends. The time to diagnosis of nonunion averaged 8 months and 13 days, which is consistent with the definition of a nonunion by current standards some 40- years later. Another large series of fractures described the high incidence of nonunion in the long bones of the lower extremity where out of 100 fracture non unions the vast majority (63 non unions) occurred in the tibia (156). Regarding the first metatarsal the literature is less replete and interestingly it has been suggested that 50% of non unions here are asymptomatic (161). Clinical signs of nonunion may include induration, pain, localized warmth and erythema.  Often motion about the fracture site can be confirmed by manipulation under fluoroscopy when a nonunion is present. When pain is present with and without weight bearing the presence of infection should be considered and promptly ruled out. Baseline serology such as the complete blood count and C-reactive protein are important portions of the work up and medical documentation. While bone biopsy remains the gold standard for the diagnosis of osteomyelitis ancillary imaging via nuclear medicine imaging can be used to delineate the location and extent of the infectious process (55). Radio graphically there may be mal alignment of the osteotomy, bone callus, resorbtive changes about fixation devices, migration of fixation devices or radio lucency. Fixation devices may fatigue and fracture often with subtle evidence apparent on only one view stressing the importance of obtaining multiple orthogonal radiographs. 
TREATMENT CONSIDERATIONS IN NONUNION
Treatment is reliant upon the significance of the bone healing complication. The clinical and radiographic significance of a nonunion is naturally a matter of physician perception. Bhandari demonstrated this after surveying 444 surgeons where there was no clear consensus on matters such as the definition of nonunion or the parameters defining a clinically important mal union in tibial fractures. From this survey the definition of nonunion variedly widely from 2 to 12 months. Furthermore there was a lack of consensus regarding acceptable degrees of mal union such as shortening (ranging from <5mm to > 15mm) and rotational or frontal plane deviations (ranging from 5-degrees to 20-degrees mal alignment) (162). This supports the notion that despite all that we understand about bone healing and physiology the diagnosis of nonunion and clinically important mal union remains controversial and is highly subjective. Treatment should be guided by clinical symptomatology and any apparent compromise of bone and joint function.  Conservative management can be reasonably entertained when the position and alignment of bone are suitable for function. When significant malposition is evident and a poor functional prognosis exists then it is prudent to discuss definitive correction. In some cases closed reduction of the part may allow for percutaneous fixation. When poor bone stock is a factor external stabilization after manipulation may be prudent.  More often an open reduction with standard internal fixation is required to achieve definitive stabilization. When faced with a bone healing complication, less is not more and there should be due diligence in achieving anatomic reduction and rigid fixation of the part. When bone deficits and angular deformity exist then multi plane correction with bone graft material will be required. Additional planning is required in these instances as interpositional grafts need to be tailored for the size, shape and angular configuration required to realign the part. Absolute immobilization of the part is essential to expedite bone union in these complex cases. Treatment options for nonunion after a distal metatarsal osteotomy include: 
 1. Callus distraction and 1st MTPJ arthrodesis 2. Resection of the nonunion with revision of internal fixation with or without interpositional bone graft, 3. Excision of the non united bone fragment, with or without lesser metatarsal head resections or 4. 1st MTPJ Arthrodesis. The procedures for metatarsal head resection (isolated or pan metatarsal head resection) and 1st MTPJ arthrodesis have been detailed earlier within this text.
1. Two staged 1st MTPJ arthrodesis procedure; Callus distraction osteogenesis and end to end 1st MTPJ arthrodesis

When a nonunion is apparent after a distal metaphyseal osteotomy with significant shortening of the metatarsal segment the joint may not be salvageable. If progressive joint space narrowing and degenerative changes of the 1st MTPJ have developed then chronic instability, pain and compensatory gait disturbances are predictable. Conservative measures in this instance may be met with failure and warrant serious considerations regarding the salvage option. The keys to salvage in this condition are to restore length to the metatarsal and to realign and definitively stabilize the joint. This is one of the most challenging scenarios among complications in HAV surgery. Here a staged approach can be entertained for restoration of the length of the first ray segment followed by stabilization of the 1st MTPJ via arthrodesis. 
While it is possible to use intercalary bone graft to increase the length in a congenitally short first metatarsal the soft tissue contractures and scarring that results from complications in HAV surgery may prohibit elongation of the soft tissues and neurovascular elements. When this iatrogenic shortening is significant, greater then 15mm, the single stage procedure is less predictable and may result in complications such as joint jamming or neurovascular compromise. The ill effect of an abrupt lengthening of bone has been demonstrated both in the laboratory and in clinical practice and as little as 6mm acute lengthening is believed to cause considerable tension within the soft tissue envelope of the first ray (163). In this case the gradual lengthening of the callus distraction procedure may be tolerated better and provides a more physiologic approach to reducing the bone deficit. This technique will effectively provide restoration of the first ray length while creating a viable substrate for a 1st MTPJ fusion. A principle indication for callus distraction osteogenesis is a bone defect measuring greater than 15mm resulting in shortening and dysfunction of the ray (164). It is believed that attempting a single stage lengthening via intercalary bone graft in these instances will insult vital neurovascular elements and will compromise the health of the entire segment. To avoid that potential complication a gradual lengthening using the callus distraction technique maybe better tolerated (165). While an acceptable cosmetic result is frequently reported this technique is suggested for the purpose of addressing pain and dysfunction resulting from failed HAV surgery in this instance not for cosmetic appeal alone.
 Success using this technique is predictable when the basic principles of callus distraction and enhanced fixation for arthrodesis are fully appreciated. Proper application of the external fixator will be facilitated by first establishing orthogonal alignment of the fixator to the 1st ray and the non union fragment. In this scenario a small external fixator maybe used to create a strut to stabilize the parts by first aligning the distal fragment to the metatarsal shaft, conducting a callus distraction to the desired length and finally conducting an end to end arthrodesis at the 1st MTPJ.  

While this technique is straight forward from an academic perspective the technical execution of the procedure is rather intensive and requires strict attention to detail in surgical technique and very deliberate considerations in management throughout the entire perioperative period. Successful management of this complex case requires thorough patient education regarding each step of the process and a detailed description of patient instructions for each.  Proper patient selection and reasonable patient expectations are to be established prior to proceeding with this procedure. 
TECHNIQUE
Stage I: Callus distraction osteogenesis for restoration of length Fig 27 a - f
A calf tourniquet may be applied to provide hemostasis although is not mandatory for this procedure. The first stage of the technique is completed in two parts; one static and the other dynamic. The static portion of the procedure includes anatomic dissection to determine viability of the non united fragment and application of the external fixator. When the bone quality of the metatarsal head is sufficient then it can be included in the arthrodesis. When the part is avascular and sclerotic the degenerative condition is considered end stage and the fragment should be excised en Toto. The dynamic portion of the procedure is the distraction osteogenesis which will restore length and ultimately provides a solid foundation for stabilization and arthrodesis.
Anatomic dissection is begun from a dorso linear incision to gain access to the 1st MTPJ and the site of nonunion. The subcutaneous structures are handled meticulously to avoid wound complications and provide a quality layer for later closure. In revision for this complication there is no need for violation of the 1st intermetatarsal space and so there is no soft tissue balancing per se using this technique. The extensor hallucis longus tendon is identified, isolated and retracted laterally. The deep fascial structures are exposed and an extensile dorsal linear incision is made along the periosteum from the midshaft of the metatarsal segment across the capsule of the 1st MTPJ ending at the mid shaft of the proximal phalanx of the hallux. Maintaining this soft tissue envelop in continuity better prepares the periosteal envelope to enhance the quality of regenerate bone (166, 167). 

 Reflection of the joint capsule can be facilitated by incising a vertical arm into the capsule at the medial joint level when fibrous adhesions or heterotopic calcifications complicate joint exposure and preparation of this tissue layer. Soft tissue contractures and fibrosis of the sesamoid apparatus may restrict mobility at the MTPJ and subsequent lengthening after failed HAV surgery. This restriction will prompt plantar angulation of the metatarsal and this sagittal plane deviation may cause flexion deformity of the hallux, sesamoiditis or joint jamming and so a thorough soft tissue and plantar plate release should be pursued prior to distraction osteogenesis. Once the joint has been exposed fibrous adhesions released the articular surfaces of the metatarsal head and phalangeal base can be evaluated. If there is evidence of chondral thinning or balding within these surfaces careful fenestration of the parts can be completed in an attempt to improve perfusion in this region preparing for the second stage of the procedure; 1st MTPJ arthrodesis. Avoid the use of k-wires for fenestration as a solid wire actively packs and compresses bone which impedes capillary ingrowths. When using a 1.5mm wire pass drill bit to generously fenestrate these surfaces bone will be excavated while creating recesses for neo vascularization and capillary ingrowths. The site of nonunion is addressed by first removing any existing fixation devices. Once removed the margins of the nonunion are delineated exposing the most dorsal and the most plantar aspects of the site. With adequate exposure the quality of the bone is assessed and any heterotopic calcifications, hypertrophic or sclerotic margins of the nonunion can be removed using manual instrumentation. If the distal fragment of the nonunion is vascular then it will be incorporated into the procedure. Next the parts are prepared to create optimal alignment of the metatarsal head and the metatarsal shaft using the pins for a mono rail, uni planar mini external fixator device. For accurate execution of this technique it is best to apply and stabilize the fixator to the ray first as this will provide a stable segment for performing the corticotomy.  
Application of the mini external fixator begins with manipulation of the foot and ankle to create a neutral position of the foot to the leg while loading the foot on the operating table. Simulated weight bearing can be achieved by simply flexing the knee and placing the foot on the operating table with the subtalar and mid tarsal joints in neutral position. Attention to the alignment of the first ray is critical throughout the balance of the procedure as deviation in the frontal or sagittal plane will result in creating a mal union that may result in pain that is equal to or worse than the nonunion condition. With the benefit of fluoroscopy the first ray should be visualized from a dorsal to plantar projection. Purely orthogonal alignment should be established with the tube head at 90 - degrees to the 1st MTPJ and first ray to ensure precise manipulation of the part. The plan for application of the fixator should be established to provide at least two or three points of stability along the metatarsal shaft. It is acceptable and often is necessary to have pins placed within the medial cuneiform, depending on the location of the nonunion, taking care to avoid violation of the metatarsocuneiform joint.  It has been postulated that lengthening with the pins along the sagittal plane of the long axis of the metatarsal can produce an increased metatarsal declination resulting in untoward rear foot compensation and a resultant varus deformity.  Therefore placing the fixator pins within the transverse plane of the metatarsal may reduce the incidence of plantar angulation of the distal metatarsal and subsequent compensatory mechanics (168). These pins should be placed through the central aspect of the medial metatarsal shaft and are run purely through the transverse plane creating a parallel arrangement of the wires leaving sufficient length of the pin external to allow for placement of the rail and providing excess room to allow for swelling. They should be spaced generously apart from one another to enhance stability of the construct. It is prudent to run 0.062 k-wires and confirming their placement radio graphically prior to running the 3mm half pins for the fixator.  Next the distal portion of the ray can be prepared by spear heading the distal fragment through the transverse plane in a manner identical to when placing an osteotomy axis guide for a “V” osteotomy. Since there is full exposure of the parts in this open technique precise application is made easy as opposed to the closed technique where application may be more challenging. Estimation of the central aspect of the fragment will allow placement of a stab incision in the skin over the medial aspect of the 1st MTPJ.  A fixator pin is first run to spear the distal fragment of the nonunion site and then another to align the distal portion of the metatarsal so that these parts can be manipulated and gently compressed with fixator manipulation. These distal pins should be oriented parallel to the pins within the proximal metatarsal shaft to prevent angular deviation during the dynamic or distraction phase of the procedure. If the pins within the distal segment is placed slightly plantar in the metatarsal head it will allow a slight plantar flexion as the distraction proceeds (165). An alternate configuration establishes a dorsally placed fixator with pins set within the sagittal plane of the metatarsal bone. Fig 27 c. & d.  Intra operative radiography should be taken to confirm position and alignment of the parts in three planes to ensure that there is no untoward deviation of the parts. 
A corticotomy should be prepared in the proximal metatarsal shaft preferably within the metaphyseal - diaphyseal region of bone. While callus distraction can be performed within purely diaphyseal bone the vascularity of the metaphysis is optimal from a physiologic standpoint. Metaphyseal bone not only supports the callus distraction by providing a more vascular substrate but is believed to facilitate final consolidation more predictably due to the increased vascularity and porosity of cancellous bone (169-175). 

Considering mechanical principles metaphyseal bone offers a wider segment of bone and therefore a larger surface area for the distraction. The increased cubic content of bone here will tend to be more stable throughout the distraction and ultimately may produce a stronger segment of bone.
There is no need for a periosteal dissection as it is best to preserve the inherent vascularity of this segment. The corticotomy is prepared by fenestrating the site using a 0.062 k-wire about the dorsal, medial and lateral circumference of the metatarsal. The corticotomy should be made at least 1.0cm distal to the most distal pin within the proximal aspect of the first ray to ensure that the pin rests within solid bone stabilizing this segment for the duration of the distraction. Once the fenestration is complete the segment can be gently cut superficially along the fenestrations using a small oscillating blade taking care not to completely penetrate the meduallary canal. Preparation in this manner is felt to be more physiologic than a through and through transaction of bone since it maintains the integrity of the intramedullary substance providing a more vascular substrate for the callus distraction. This simulates a “greenstick” type fracture in that it does not violate the medullary canal and provides an in continuity substrate for distraction osteogenesis and ultimately the ossification process. Under real time fluoroscopy the site should be distracted to ensure complete mobility between the ends of the corticotomy. 
Once satisfied with placement and alignment of the pins and the corticotomy the wound is irrigated and layered closure is completed. Once the wounds have been closed the monorail, as seen in Fig 27 c an EBI mini fixator (EBI, Parsippany, New Jersey), can be applied to the pins and the device can be prepared for the dynamic portion of the procedure. 

The dynamic portion of Stage I occurs at two points in time; during axial compression of both the nonunion site and at the corticotomy as well as during the distraction osteogenesis technique. Once the dynamic compression phase is complete the latency period begins and lasts a variable period of time, anywhere from 4 to 14 days after the corticotomy and compression. The dynamic distraction phase is initiated after the latency period and will continue until the desired length is achieved often in increments of 0.5mm to 1.0mm per day. 
Compression of the distal fragment onto the metatarsal shaft is completed with the benefit of the fixator. The device should be manipulated until there is gentle coaptation and compression across the nonunion site. Taking care to perform this manipulation without causing deviation in the transverse, sagittal or frontal planes is integral to a successful procedure. Under fluoroscopy axial compression is applied stabilizing the distal free fragment onto the stable more proximal segment. The parts are then compressed to a gentle two finger tightness and once stabilized the remainder of the fixator is re checked to ensure that each pin is definitively secured to the rail. Once satisfied with the orientation of the distal segment of the construct, the metatarsal head and neck, attention is directed to the proximal metatarsal metaphyseal – diaphyseal junction under fluoroscopy. Now the fixator will be used to compress the site of the corticotomy to initiate the process of bone callus formation. In compressing this proximal segment great care is taken to avoid excessive compression and undue compaction of the cortical margins. This gentle compression is maintained until the latency period is completed after approximately 10 days and can range from 4 to 14 days depending on the individuals potential for mineralization (169,176- 179). There are a number of factors that enter into an individual’s propensity for bone mineralization and among them is overall health, tobacco history, associated systemic conditions that may result in generalized osteopenia or osteoporosis such as diabetes or rheumatoid arthritis, age and the location of the osteotomy. Additionally, the latency period may be shorter in younger individuals and longer in adults and this is due to differences in respective rates of bone mineralization. It is wise to avoid a prolonged latency period as premature consolidation can complicate this process especially in younger individuals. 
While there is no well defined system to determine the rate for distraction osteogenesis it is suggested that smaller more frequent intervals of lengthening will be tolerated well and with frequent adjustment then will prevent premature mineralization. This concept was discussed by Ilizarov and is believed to provide a more efficient osteogenic process (166, 167). Using the Synthese mini external fixator each ¼ turn of the pin produces a ¼ mm of distraction (or compression depending on the direction of the turn). The process of distraction is performed in ¼ -turn increments every 6 to 8 hours per day as tolerated and this will provide a very gradual 0.75mm to 1mm distraction per day. The patient is expected to follow this instruction daily until the desired length is achieved. Should the patient experience increased difficulty in turning the device this may be a sign of premature bone consolidation and the frequency of the distraction should be increased. Radiographic evidence of bone callus may not manifest until 2 weeks or more has past. When a fracture gap is persistent for a prolonged period of time it is possible to use the distractor to re compress the part and initiate the distraction once again. Price and Mann suggested that distraction could be  slowed or even reversed if poor quality bone callus or a prolonged fracture gap developed. In this event re-compression at the same rate as the distraction would proceed until the fracture gap is closed. In their work in lengthening the tibia this compression would be maintained for 1 to 2 weeks before initiating distraction again (170). No literature has been found suggesting a specific time to initiate such recompression when performing this technique in the metatarsal bones.
The total length of distraction is determined using weight bearing dorsal – plantar and lateral view radiographs. It is generally recommended not to exceed lengthening beyond 40% to 50% of the entire length of the metatarsal (180-182). 

When addressing larger defects it is prudent to perform ancillary procedures such as “Z” lengthening of the long extensor tendon and pinning of the HIPJ and or MTPJ to prevent the development of joint subluxation and stiffening (182). It is preferred to create a metatarsal parabola where the first metatarsal head is commensurate with that of the second depending on the foot type. In instances where there is significant metatarsus adductus or brachmetatarsia a modified parabola may be prepared. In these circumstances it will be necessary to critically evaluate the fore foot axial view to ensure that the final metatarsal parabola has the first and second metatarsals resting at a similar level. The goal is to create similar load bearing potential between the first and the second metatarsal heads avoiding elevation of the first metatarsal head. While a slightly plantar flexed position of the first metatarsal may be tolerated elevatus is likely to result in transfer lesions and metatarsalgia. 
A fore foot axial view is taken in addition to the dorsal-plantar and lateral views to confirm final position and alignment of the parts. With a the mini external fixator along the medial aspect of the first ray the pin sites can be prepared with antibiotic ointment and a loose sterile gauze dressing can be applied about the pin sites. There are pre fabricated sterile foam squares to pad and protect the pin sites. Alternately sterile gauze squares can be layered and cut to provide protection at the pin sites. Non weight bearing immobilization is maintained and serial radiographs are begun immediately after surgery and are repeated every 1 or 2 weeks thereafter. Close clinical follow up is advised in these complex cases to identify early evidence of major complication such as pin tract infection, the development of an unusually large fracture gap, subluxation of the MTPJ, dislocation of the metatarsal head, angular deformation, stress fracture of the callus or lesser metatarsal or failure of fixation devices. Daily 1st MTPJ passive range of motion should be encouraged and assessed with each clinical follow up to reduce the incidence of post operative joint stiffness.
Routine pin care is required until the device is removed. This includes applying antibiotic ointment to the pin sites three times per day while monitoring for early signs of unusual erythema, drainage or proximal streaking. Timing of the distraction and subsequent consolidation periods are generally a matter of conjecture. It has been suggested that the total time of distraction (by number of days) should be followed by continued non weight bearing for that same number of days or more to allow for the ossification and consolidation period to complete e.g. 3 weeks of distraction are followed by 3 weeks of non weight bearing immobilization. An alternate suggestion is to maintain the fixator and non weight bearing for a 6 week to 8 week period in keeping with typical fracture management principles for the first metatarsal bone. In truth the total duration of external fixation is a combination of radiographic and clinical findings plus a degree of clinical intuition. Once bone consolidation has been confirmed clinically and radio graphically then the fixator can be removed with or without anesthesia depending on patient anxiety. Confirming continuity along three bone corticies when viewing radiographs in the dorso-plantar and lateral views supports radiographic consolidation of the regenerate segment (165, 183). Fig 27 e. 
It is important to bench mark bone consolidation with serial radiographs while advancing weight bearing activity for the early identification of stress risers, cortical hypertrophy or subtle deformation of the new bone segment all indicators of osseous insufficiency and the need for further off loading of the segment. Beginning protected weight bearing with the fixator in place is an option that is protective of the new bone segment during the early phases of weight bearing. A compression stocking and protected weight bearing should be slowly titrated using a firm soled shoe as tolerated. In the event that considerable disuse osteopenia is persistent beyond the early protected weight bearing period deformation of the newly formed bone segment may occur. Similarly noncompliance and over aggressive early weight bearing activity can result in the same. Fig. 27 f.  For this reason the use of external bone stimulation may be considered as an adjunctive therapy once the callus distraction has been completed. After callus distraction lengthening has been completed it is typical to complete a period of non weight bearing to allow for consolidation of the segment prior to removal of the fixator.  This period is variable and may range from 6 weeks to 16 weeks depending on radiographic evidence of bone consolidation and physician intuition regarding the clinical condition. It is not uncommon to have a fixator in place for 100 days or more (165, 183-185). 
A healing index of 75 days / cm was reported by Oh in the study of callus distraction of the first metatarsal segment in adults (182). In another study of thirteen 1st metatarsal distraction osteogenesis a healing index of 72.4days/cm and an average of 100 days in the mini fixator was reported (183). Others have reported healing indexes ranging from 60 days/ cm to 82 days / cm (181, 182,184,186). 

Stage II: End to end 1st MTPJ arthrodesis with stabilization plate Fig 27 g - h
The technique of an end to end arthrodesis of the 1st MTPJ has been described earlier in this section. After consolidation of the zone of osteogenesis and distraction the final procedure of 1st MTPJ arthrodesis can be completed. The method used to definitively stabilize the site of arthrodesis in conjunction to a newly modeled metatarsal segment is a matter of surgeon preference and experience. Given the degree of osteopenia that may exist in these cases simple cross k-wire fixation of the 1st MTPJ can be definitive after currettement of the ball and socket joint. It is prudent in this case to consider rigid internal fixation that provides enhanced stabilization of the proximal ray to prevent the development of angular deformity in this last stage of the procedure. The use of low profile plates and screws can be considered however standard plates and screws continue to be the mainstay in fixation. The post operative period will require further non weight bearing. Some would argue that the index procedure here is the 1st MTPJ arthrodesis and protected weight bearing is sufficient to maintain stability of that construct. Due to the fact that the region of distraction osteogenesis is still not mature there is continued risk for plastic deformation of that segment. Any excessive early weight bearing may prompt angular deformity and will thwart the surgical outcome. Fig 27 f. The intra operative assessment of bone quality along the metatarsal segment contributes to the rationale for the post operative non weight bearing plan. Ultimately radiographic parameters will determine the duration of non weight bearing. The combination of radiographic and clinical assessments will carry the greatest weight in determining when to advance to protected weight bearing.  The ill effects of prolonged non weight bearing in the small bones of the foot have been well documented and so it becomes a fine balance between stressing bone to encourage consolidation and resting the part to allow mineralization with immobilization. Radiographic consolidation at the site of fusion is confirmed by the presence of trabeculations crossing the site. Once confirmed the patient may be advanced to a compression stocking and a firm soled shoe for approximately 3-weeks if absolute weight bearing had been maintained. If the patient was allowed protected weight bearing prior to consolidation then the advancement of activities is titrated to patient tolerance. Clinical follow up will continue with serial radiographs being staggered based upon clinical acumen. 
It is prudent to continue to bench mark progress radio graphically at defined intervals such as 3, 6, 9 and 12 months after managing such a complex case to ensure the earliest evidence of complications such as stress fracture or the development of angular deformity. 
COMPLICATIONS; 1ST METATARSAL DISTRACTION OSTEOGENESIS 
Some case reports discuss first metatarsal lengthening in conjunction with lesser metatarsal procedures performed for congenitally shortened rays and these cases have a greater risk for complication and resultant transfer lesions or stress fracture (187). When addressing lengthening in patients of osseous immaturity there is the added inherent risk of disrupting the growth plate and causing more important metatarsal length and or angular discrepancies. (188). In a review of the current literature from 2000 to 2008 only two articles report the use of callus distraction osteogenesis for lengthening the first metatarsal iatrogenically shortened from HAV surgery. In one report 5 callus distraction procedures were performed in the first metatarsal bone for five patients without complication (185). The most recent report of procedures performed for iatrogenic shortening of the first metatarsal ultimately touts good success in 6 patients however several complications were discussed such as stress fracture of lesser metatarsals, fracture of new bone segment with return to weight bearing, displacement of the distal metatarsal requiring open reduction and fixation of the fragment, plantar displacement of the 1st metatarsal yielding sesamoiditis, delayed evidence of consolidation requiring prolonged non weight bearing immobilization (6-months in total), inadvertent trauma fracturing the proximal pins and spontaneous fusion of the first MTPJ (189). Should plantar subluxations develop tenotomy may be required to reduce the contracture.  When applying this technique to correct deformity residual from failed HAV surgery soft tissue contractures and fibrosis of the sesamoid apparatus may restrict lengthening and prompt plantar angulation of the metatarsal. This sagittal plane deviation may cause flexion deformity of the hallux, sesamoiditis or joint jamming and so a thorough soft tissue release should be pursued prior to distraction osteogenesis.
Speaking from the host of the literature reporting on callus distraction in brachymetatarsia of the lesser metatarsals the occurrence of pin site infection is perhaps the most common complication.  This is typically treated with oral antibiotics such as a first generation cephalosporin barring no reported allergy to the drug. This complication may be avoided by practicing meticulous pin care during the period of external fixation. Other complications associated with callus distraction are most commonly due to over lengthening and include decreased range of motion and stiffness at the metatarsophalangeal joint and flexion deformity of the digit (190,191).
The incidence of complications using the callus distraction technique has been reported as high as 48% in adults when reviewing procedures of the fourth metatarsal bone (182). It is interesting to note that there are devices that can be used internally to produce callus distraction and these low profile devices may reduce the incidence of pin tract infection while avoiding the need for removal (192). 
PEARLS / PITFALLS
Corticotomy preparation in callus distraction

The corticotomy is prepared by fenestrating the site using a 0.062 k-wire about the dorsal, medial and lateral circumference of the metatarsal. The corticotomy should be at least 1.0cm distal to the most distal pin within the proximal aspect of the first ray to ensure that the pin rests within solid bone stabilizing this segment throughout the distraction. Once the fenestration is complete the segment can be gently cut superficially along the fenestrations using a small oscillating blade taking care not to completely penetrate the medullary canal. Preparation in this manner is felt to be more physiologic than a through and through transection of bone since it maintains the integrity of the intramedullary substance providing a more vascular substrate for callus distraction. This simulates a “green stick” type fracture in that it does not completely violate the medullary canal and provides an in continuity substrate for distraction osteogenesis and ultimately the ossification process. 

Determining optimal length for the first ray in nonunion with clinically important shortening 

The total length of distraction is determined using weight bearing dorsal – plantar and lateral view radiographs. It is preferred to create a metatarsal parabola where the length of the first metatarsal is commensurate with that of the second depending on the foot type. In instances where there is significant metatarsus adductus or brachymetatarsia of the second metatarsal a modified parabola may be prepared. In these circumstances it will be necessary to critically evaluate plain radiographs including the fore foot axial view to ensure that the final metatarsal parabola has the first and second metatarsals resting at a similar level. The goal is to create similar load bearing potential between the first and the second metatarsal heads. While a slightly plantar flexed position of the first metatarsal may be tolerated elevatus is likely to result in transfer lesions and metatarsalgia. Generally it has been suggested to limit the total lengthening to 40% (184,186) or 50% (180-182) as over lengthening will increase the risk of MTPJ subluxation, joint stiffness, plantar deviation of the metatarsal, angular deformity of the new bone segment and clawing of the hallux. 
Transverse versus sagittal plane application of the external fixator
It has been postulated that first metatarsal lengthening with the pins aligned in the center of the sagittal plane of the metatarsal can produce an increased 1st metatarsal declination. A rigidly plantar flexed first ray is known to produce rear foot compensation and a resultant varus deformity. Dorsal soft tissue contractures from previous surgery, contracture of the EDL tendon and distraction greater than 40% to 50% of the length of the metatarsal are likely contributory factors that would aggravate and increase the metatarsal declination. With that in mind placing the fixator pins within the transverse plane of the metatarsal may reduce the incidence of plantar angulation of the distal metatarsal and avoid compensatory mechanics (168). These pins should be placed through the central aspect of the medial metatarsal shaft and are run purely through the transverse plane creating a parallel arrangement of the wires leaving sufficient length of the pin external to allow for placement of the rail and providing excess room to allow for swelling. They should be spaced generously apart from one another to enhance stability of the construct. It is prudent to run 0.062 k-wires and confirming their placement radio graphically prior to running the 3mm half pins for the fixator.  
Determining the latency period preceding distraction osteogenesis
In callus distraction osteogenesis the need for a latency period prior to distraction is understood. The duration of that period is subjective and typically ranges from 4 – 14 days for foot and ankle procedures. When the corticotomy / osteotomy is within metaphyseal bone distraction can begin in 7 – 10 days where as a latency of 2 weeks is suggested for the procedure in diaphyseal bone.  Although there is no strict consensus on the duration of the latency period there are a number of factors that enter into an individual’s propensity for bone mineralization and among them is overall health, tobacco history, systemic conditions associated with generalized osteopenia or osteoporosis such as diabetes or rheumatoid arthritis, age and the location of the osteotomy (169,176-179).
Additionally, the latency period may be shorter in younger individuals (10 days) given that their periosteum is thicker and prompt revascularization allows for earlier callus distraction.  In adults revascularization may be slower and so a longer latency is required (14 – 21days). Longer latency periods are suggested for osteotomies within dense cortical bone and when lengthening after correction of angular deformity or significant displacement (176, 193, 194). These latencies are further supported due to respective differences in bone mineralization rates.
It is generally suggested to avoid prolonged latency periods as premature consolidation can complicate this process especially in younger individuals. 

Delayed evidence of callus formation and distraction gap formation
Radiographic evidence of callus formation should be evident anywhere from 2 to 5 weeks after initiation of lengthening. When a fracture gap is persistent for a prolonged period of time it is possible to use the distractor to re compress the part and initiate the distraction once again. Price and Mann suggested that distraction could be  slowed or even reversed if poor quality bone callus or a prolonged fracture gap developed. In this event re-compression at the same rate as the distraction would proceed until the fracture gap is closed. In their work in lengthening the tibia this compression would be maintained for 1 to 2 weeks before initiating distraction again (170). No literature has been found suggesting specific time to initiate such recompression when performing this technique in the metatarsal bones.
Considerations in non weight bearing after callus distraction osteogenesis
After callus distraction lengthening has been completed it is typical to complete a period of non weight bearing to allow for consolidation of the segment prior to removal of the fixator.  This period is variable and may range from 6 weeks to 16 weeks depending on radiographic evidence of bone consolidation and physician intuition regarding the clinical condition. It is not uncommon to leave the fixator in place for 100 days or more (165, 168,183-185). In the two stage procedure of distraction osteogenesis and 1st MTPJ arthrodesis further non weight bearing will be required once definitive fixation of the 1st MTPJ fusion and stabilization of the new bone segment has been completed. In this case it is short sighted to prepare the internal fixation plan strictly for the index procedure, the end to end 1st MTPJ arthrodesis. Given the fact that the new bone segment requires a prolonged period of time to mature, and that time is variable with each patient, it must be stabilized throughout the attempted 1st MTPJ and non weight bearing is required to facilitate primary bone healing while the arthrodesis site is consolidating. Due to the fact that the region of distraction osteogenesis has not yet matured there is continued risk for plastic deformation of that segment. Any excessive early weight bearing may prompt angular deformity thwarting the surgical outcome. The intra operative assessment of the regenerate bone quality is an important factor in determining the duration of the non weight bearing plan. Ultimately radiographic parameters will determine the duration of non weight bearing and anywhere from 6 to 10 weeks of non weight bearing would be typical depending on bone quality. The combination of radiographic and clinical assessments will carry the greatest weight in determining when to advance to protected weight bearing.  The ill effects of prolonged non weight bearing in the small bones of the foot have been well documented and so it becomes a fine balance between stressing bone to encourage consolidation and resting the part to allow mineralization with immobilization. Radiographic consolidation at the site of fusion is confirmed by the presence of trabeculations crossing the site. Once confirmed the patient may be advanced into a compression stocking and a firm soled shoe for approximately 3-weeks of protected weight bearing. Thereafter advancement of activities is titrated to patient tolerance. Clinical follow up will continue with serial radiographs being staggered based upon clinical acumen. It is prudent to bench mark progress radio graphically at defined intervals such as 3, 6, 9 and 12 months after managing such a complex case to ensure the earliest evidence of late complications such as the development of stress fractures or the development of angular deformity. 
II. Resection of proximal metatarsal nonunion with revision of internal fixation (with or without bone graft) Fig 28 a-h 
Application of multiple layers of elasticized cast padding is applied beneath a calf tourniquet to provide hemostasis if desired. Dissection to gently prepare the deep fascia and maintain optimal perfusion to the first ray is completed. Next the level of the nonunion is identified and isolated in preparation for the deep fascial incision.  The incision begins at the base of the first metatarsal and extends distally across the MTPJ.  The site of nonunion is addressed by first removing any existing fixation devices. Once removed the margins of the nonunion are delineated exposing the most dorsal and most plantar aspects of the site. With adequate exposure the quality of the bone is assessed and the margins of the nonunion are circumscribed with manual instrumentation. Often the parts can be gently separated with manual instrumentation such as a freer elevator or a small osteotome. In attempting to separate the parts care is taken not to “bottle cap” the segment as this may result in fracture. When the segment is resistant then power instrumentation is used to incise the nonunion. Irrigation of both segments of the nonunion is completed and the free ends of bone are inspected. Any evidence of sclerotic change or fibrotic ingrowths should be removed at this time. After debridement the bone deficit is inspected and the need for an intercalary bone graft versus an autogenous reverse on lay graft is determined. When there is a well localized segment of sclerotic bone at the site consideration for a reverse onlay graft can be entertained. When there is a large volume of sclerotic bone at the site of nonunion the onlay technique may not provide an adequate volume of healthy bone and in this event an enbloc resection repaired with an intercalary graft is preferred.
Resection of sclerotic or otherwise degenerative bone is performed using a sagittal saw under continuous irrigation. Supplementation of the medullary segments with cancellous bone chips should be completed if necessary. Once satisfied that the free segments of bone are healthy appearing then the size of the intercalary graft can be determined.  With the distal metatarsal segment placed into neutral alignment with the hallux the deficit in metatarsal length can be estimated and the appropriate size and shape of the graft can be measured. The length of the first ray can be compared to that of the contra lateral limb via plain radiographs for best assessment. It is important to remember that the graft should be prepared slightly larger than the defect to begin this process as there is usually further sculpting required to achieve a press fit for the graft. Autogenous graft is preferred in revision of a nonunion segment and the author prefers the benefit of a tricortical iliac crest graft for this purpose. In resecting the nonunion residual from an oblique base wedge osteotomy a rhomboid shaped defect may result. Fig 28c The bone defect should be measured in height, length and width and the dimensions should be drawn to serve as a blue print when the defect is sufficiently large. From a technical standpoint the goal is to fashion an anatomic match for the site and to create a press fit for that site. It is best to begin with a graft that is slightly large in length and to then plane the bone under continuous saline irrigation to preserve healthy bone quality while trimming the graft. With the graft in place the construct can be compressed in an axial direction by manually loading the distal metatarsal. With the segment compressed against the graft temporary fixation may be applied using a 0.062 k-wire. After provisional fixation is established the 1st MTPJ range of motion should be assessed to ensure smooth and unrestricted motion is available in this corrected position. A standard 1/3 -tubular plate with 2.7mm or 3.5mm screws are then applied depending on the size of the bone. These devices are applied using strict A-O technique to stabilize the construct. A modification of this technique is to first pre bend and apply the plate to the graft using a single screw. Once secured the entire plate-graft unit can be placed within the defect.  When securing the plate to the metatarsal the holes just proximal and distal to the graft are eccentrically drilled to create compression upon the graft. Fig 28 d The remainder of the screws are applied centrally within the plate for neutralization and finally all screws are tightened to two-finger tightness. Final intra operative radiographs should be obtained to confirm appropriate position and alignment of the first ray and internal fixation devices. Final exploration of the 1st MTPJ and range of motion is performed to ensure proper function in this corrected position prior to closure. If there are regions of chondral lifting or deep chondral defects debridement should be completed. Regions of worn and unusually thin or degenerative cartilage can be fenestrated. Avoid the use of k-wires for fenestration as a solid wire packs and compresses bone which impedes capillary ingrowths. Using a 1.5mm wire pass drill bit bone will be excavated while creating recesses for neo vascularization and capillary ingrowths. Copious irrigation is then completed followed by a layered closure taking care to generously cover fixation devices to reduce superficial irritation. With the foot and ankle in neutral position a modified Jones compression dressing is applied using multiple layers of elasticized cast padding alternating with 6” elastic wrap compression. A cryotherapy bladder is employed after the first layer and a three layer dressing is prepared. 
The post operative course includes absolute non weight bearing until there is radiographic evidence of bone consolidation. Typically 8 weeks to 12 weeks may be required. Once bone consolidation has been confirmed along three cortices of the metatarsal in multiple radiographic views then protected weight bearing can begin with the benefit of a CAM walker. A compression stocking is applied as soon as the layered dressing is discontinued; typically once sutures are removed. Passive range of motion of the 1st MTPJ should begin as soon as tolerated after the procedure to prevent stiffness and loss of motion. This passive motion should be painless and this is generally reassuring to the patient. Titration into a firm soled shoe surgical shoe is completed as tolerated. Serial radiographs are obtained every 2 to 4 weeks and once full weight bearing has been tolerated well then the frequency of radiographs can be reduced. It is prudent to follow these complex cases monthly until the patient has returned to their usual shoe gear and is tolerating full weight bearing activity well. There after the patient can be re-assessed quarterly until functional goals and subjective satisfaction has been achieved.
Pearls / Pitfalls
Reverse onlay graft vs. intercalary graft; Repair of proximal 1st metatarsal nonunion
After debridement the bone deficit is inspected and the need for an intercalary bone graft versus an autogenous reverse onlay graft is determined. When there is a well localized segment of sclerotic bone at the site consideration for a reverse onlay graft can be entertained. When there is a large volume of sclerotic bone at the site of nonunion the onlay technique may not provide an adequate volume of healthy bone and in this event an enbloc resection repaired with an intercalary graft is required.

The reverse onlay graft technique has been described for use in long bones with good success. There is a learning curve to using this technique. The graft can be prepared in a customized fashion depending on the nature and location of the nonunion. The reverse onlay graft is prepared by cutting a rectangle of bone through the site of nonunion that extends approximately 50% deep into the largest girth of the nonunion site. Once excised this rectangular segment is then rotated 180 – degrees to bring healthy autogenous bone into the site of nonunion repair and shifts the sclerotic zone out into the healthy distal bone segment. This provides all of the benefits of autogenous bone morphogenic protein to the nonunion and provides a near perfect match of bone quality to the site of repair.  This reverse onlay can be stabilized using standard devices or low profile plate and screws. When excising a long segment of bone it is beneficial to bevel the cuts along the long axis of the segment as this will allow a very snug press fit after reversing the autogenous graft segment. This rectangular segment can be taken from the dorsal or medial aspect of the metatarsal base depending on the location and depth of the nonunion. It is important to resect this segment sufficiently deep but not greater than 50% into the widest girth of the bone to ensure a stout segment of bone to secure and stabilize the graft. Once adequate fixation is applied radiographs are taken to confirm position and alignment of the autograft and fixation devices.  

Special thanks to the Medical Library Staff at St. Vincent Mercy Medical Center in Toledo, Ohio for their exhaustive work with literature searches and acquisition of publications to complete this project. 
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Captions Illustrations
Fig. 1.  Radiographic evaluation after an over aggressive medial eminence resection: Here the hallux is subluxed medially and that the medial metatarsal head impinges within the central aspect of the articular cup of the hallux. With the absence of the fibular sesamoid this complex is extremely unstable and the medial hallux base articulates with the tibial sesamoid. This complication often results in a painful articulation between the tibial sesamoid and the inferior medial aspect of the metatarsal head. Notice that the 2nd digit is subluxed medially as well as this will not reduce with correction of the hallux position alone.
Fig. 2 a. The stance evaluation often reveals more significant deformity than that noted in the off weight bearing exam in the study of hallux varus deformity.  While the adduction deformity of the hallux is appreciable in the non weight bearing condition loading the foot and ankle reveals a significant flexion deformity at the HIPJ with tension and medial drift of the EHL tendon. Notice that the second digit has developed a similar deformity in this long standing case of hallux varus.
Fig. 2 b. Dorso-plantar radiograph reveals the plantar-medial subluxation of the hallux in addition to the dislocation of the Rt. hallux base and a valgus tilt of the Lt. hallux. Notice the lateral ward bowing of the metatarsal bones and the cystic degeneration at the MCJ indicative of the retrograde force and degenerative bone change throughout the 1st ray segment. There is a loss of normal trabeculations within the metatarsal head and the phalangeal base suggesting at least the presence of a generalized osteopenia. This low bone mineralization is important to consider when planning for osseous procedures and a modified fixation strategy may be required to adequately stabilize the bone.  
Fig. 3 a.  Clinical evaluation of a failed silicone implant in a 30 year old physical therapist. Only during the weight bearing examination is the cross over position of the hallux realized. The non weight bearing posture of the hallux is exaggerated by contractures of the EHL tendon and lateral joint capsule. The adduction deformity of the lesser digits is reflective of the non weight bearing condition of the 1st MTPJ and the compensatory flexor stabilization that takes place as the long flexors and quadratus plantae gain mechanical advantage. 
Fig. 3 b.  The stance evaluation of the same patient reveals the lateral over loading as the 1st MTPJ is unable to bear weight and spontaneously shifts the fore foot into varus splinting away from the painful joint. Notice that the varus attitude of the fore foot is so powerful that it further the shifts the rear foot into varus inverting the calcaneus.
Fig. 4 a.  The stance evaluation of this juvenile football player reveals extreme hallux valgus that under laps the lesser digits. Here an anterior cavus deformity prompts flexor substitution aggravating sagittal plane deformity within the lesser digits. Here the interossei muscles become over powered by the flexors and a combination deformity develops at the MTPJ’s and PIPJ’s of the lesser digits.  Friction  against the PIPJ’s cause local irritation when in shoes and  is equal in importance to the bunion pain complaint. The overcrowding of the lesser digits is noticeable only when in the weight bearing condition. Notice that there is abduction deformity at both the MTPJ and HIPJ level in this case.
Fig. 4 b. & c. Stance evaluation just 2 months after HAV and lesser digit correction reveals early evidence of persistent or recurrent deformity.  While non weight bearing in a short leg cast this residual was not appreciated. Notice the PIPJ arthrodesis eliminated the flexion deformity however elevation of the toe at the MTPJ results from lateral hallux abutment. Radiographic evaluation in this dorso-plantar view reveals recurrence of the hallux abductus deformity and lateral subluxation of the MTPJ despite performing a closing base wedge osteotomy and 1st intermetatarsal space release. Notice the unusual length of the proximal hallux phalanx. In this case the role of the anterior cavus, metatarsus adductus and long proximal phalanx each contribute to recurrence of deformity. A metal shard is present between the fixation devices and reflects collision of instrumentation during the procedure.
Fig. 4 d.  Intra operative view of the proximal hallux with the axis guide for a medially based wedge intact. The axis guide is run purely in the sagittal plane to avoid mal rotation of the osteotomy. The hallux is scored horizontally to parallel the articular surface of the hallux. The oblique arm of the osteotomy is scored at a 45 degree angle to provide a maximum of derotation. The 4mm wedge osteotomy is cut  and then is planed to provide definitive derotation of the hallux. It is best to resect a small wedge first and assess the correction when performing most wedge osteotomy procedures. Notice the over corrected position of the hallux after scoring the intended osteotomy. 
Fig. 4 e. Resection of a 4mm wedge from the proximal hallux base is completed before planning of the osteotomy to complete correction of the deformity. 

Fig. 4 f.  Notice over reduction of the phalangeal abduction as the medial border is now shorter than the lateral border. This position reduces the retrograde force on the hallux reducing the intermetatarsal angle and is easily secured with a single cortical screw in this dense bone. It is important to note that the bone is mature as there is no evidence of open epiphysis. 
Fig. 4 g.  Weight bearing clinical photo in juvenile HAV; 3 years after closing base wedge osteotomy and 2 years after Akin osteotomy demonstrates good maintenance of position and alignment long term. All digits purchase the ground and weight bearing is tolerated well. A full functional recovery includes unrestricted participation first string in football. 
Fig 5. (Fig 1B and caption from Ch 24  P.I. Update ‘94; Radiographic evaluation and classification of metatarsus primus elevatus Craig Camasta Pg. 122- 127.)
Fig. 6.  (Fig 3c from P.I.  Update ‘94: Ch 24. Craig Camasta; Radiographic evaluation and classification of metatarsus primus elevatus Pg. 122- 127.)  
Fig 7 a. & b. Radiographic evaluation in the dorso-plantar and stress lateral views reveal a mildly elevated position of the first metatarsal head after a distal metaphyseal osteotomy however this does not interfere with weight bearing function. 

Fig. 8 a. Dorso plantar view reveals cartilage mal alignment of the metatarsal head associated with residual / recurrent hallux abuctus after soft tissue rebalancing. Often this radiographic parameter does not correlate well with intra operative findings and so it is prudent to perform the intra operative evaluation prior to selecting a cartilage realignment procedure. Notice the short first metatarsal , the long proximal hallux phalanx and residual metatarsus adductus as concomitant deforming forces in this recurrence of HAV. 
Fig. 8 b. This intra operative photo reveals a high angulation proximal articular set angle (PASA) that deviates lateral ward away from the hypertrophic medial eminence.
Fig. 8 c. Intraoperative photo When recurrent juvenile HAV deformity develops after a failed proximal metatarsal osteotomy it becomes apparent that culprits for recurrence are the failure to perform a lateral interspace release and tendon balancing as well as failure to address a significantly increased PASA. Here the axis guide for a medially based wedge osteotomy is created within the sagittal plane of the distal metaphyseal region of the metatarsal head. With the osteotomy scored the design uses a proximal horizontal line perpendicular to the metatarsal shaft and a short oblique to create ~10 degree wedge to reduce the lateral deviation of the cartilage.
Fig. 8 d. Intraoperative photo With provisional fixation in place using 2.0 Ethilon reduction of the deformity is realized creating a congruous alignment at the 1st MTPJ. Fixation can be completed using simple techniques such as suture, circlage wire, staples or k-wires. The use of two points of fixation oriented at 90-degrees is preferred.
Fig. 9 a & b  Radiographs a. Dorso plantar and b. Sesamoid axial view 
b. This sesamoid axial view reveals congruency of the cristae and the lateral sesamoid. Contrast that with the deviated sesamoid position noted on the dorso-plantar view Fig 9a. where the fibular sesamoid appears to be significantly rotated into the first interspace.Metatarsus primus varus rotation contributes to this radiographic discrepancy.
Fig 10 a. Lateral Radiograph The lateral reveals three points of fixation to stabilize the split metatarsal head that resulted from an extremely distal placement of the “V” osteotomy. When the apex of the “V” is placed too far distal there is a risk for fracture through the distal metatarsal head. The resulting intra articular fracture is associated with a high incidence of degenerative joint disease. 

Fig 10 b. Dorso plantar Radiograph The dorso-plantar view demonstrates the excessive shortening that can result when the metatarsal head is inadvertently split as a complication in HAV surgery. 
Fig 11 Clinical photo  Twenty-four hours after HAV surgery a 180-lb person deliberately stepped on the patient’s foot. A compartment syndrome developed as a result from the crush injury requiring immediate decompression of the interosseous compartments of the foot. 
Fig 12 Use Fig 6 & 7a & b from 3rd edition textbook Pg 632
Fig 13a. & b.      a. The pre operative clinical photo and b. dorsoplantar radiograph demonstrate the ill effects of undercorrection in using the transverse plane “V” osteotomy. The continued lateral drift of the hallux has resulted in such severe destabilization of the second digit that a cross over toe has resulted. This combination of deformities is perhaps one of the most challenging of fore foot deformities. 
Fig 13 c. Intra operative photo reveals chronic tendonopathy of the extensor hallucis longus (EHL) tendon. Notice the undulation of the distal tendon fibers indicating laxity due to an over stretched “Z” lengthening of the EHL tendon which had been performed as an adjunctive procedure. The thickened central portion of the tendon is associated with capsular adhesions and MTPJ restriction. 
Fig 13 d. Osteophytic degeneration and sclerosis are easily appreciated about the failed “V” osteotomy in this intra operative sagittal view. Notice that the thickened zones of sclerotic change and fibrosis occurs at the level of capsular attachment giving the appearance of a reverse “V” orientation of the degenerative bone. These mixed fibrotic and sclerotic changes about the metatarsal head develop as secondary changes due to previous surgical insult. 
Fig 13e. Once debrided the metatarsal head bleeds revealing the location shape and orientation of the degenerative bone resection. In this case, 4 yrs status post “V” osteotomy, the bone has been well healed and so the original “V” cuts are no longer visualized. 
Fig 13f.  After a generous debridement of degenerative changes the osteotomy is replicated using the landmarks of the most doral and plantar extents of the cartilage to identify the apex for the “V” cut. The metatarsal head is then more aggressively lateralized and this osteoporotic metatarsal head is stabilized using two points of fixation. Notice that aggressive removal of the dorsal osteophytes gives the appearance of a plantarflexed osteotomy. Look closely at the plantar extent of the articular cartilage, the congruency of the articulation with the hallux base and the location of the apex of the “V” cut in comparison to that noted in Fig 13e to best visualize the position and alignment of the osteotomy. A line drawn from the most dorsal extent of the articular cartilage to the most plantar is used as a reference for the osteotomy.  The apex of the “V” osteotomy should rest at the mid point of this line as seen here

Fig 14 a. & b. Post operative dorso plantar and lateral radiographs reveals the revision of a DMO stabilized using two point 0.062 K-wire fixation in osteopenic bone. Notice the improved alignment and congruity of the 1st MTPJ as compared to Fig 13b. 
Fig 15 a. & b.  Intra operative photos  a.  The dorsal lateral aspect of the metatarsal head is reflective of the joint impingement resultant of an iatrogenic metatarsal elevatus and subsequent hallux limitus as a complication of a proximal metatarsal osteotomy mal union. The bald chondral zone of the metatarsal head is fenestrated using a 2.0mm wire pass drill bit (in lieu of a k-wire) to excavate bone and decompress the region to encourage vascular ingrowths.
b.  Distraction of the osteotomy in revision HAV surgery reveals densely sclerotic bone that has been fenestrated to encourage vascular ingrowths. 
Fig 16 ( Use Fig 7 F & G from 3rd edition textbook Pg 666)  
Fig 17 a. – f.     
17a. Dorso plantar Radiograph This pre operative view reveals the profound cystic degeneration resultant of a total 1st MTPJ silicone implant. The metallic marker indicates the region of osseous insufficiency as the silicone began t erode through the phalanx in this region. The sclerotic margins about the implant and increased soft tissue density about the joint are easily appreciated. 
17b. Lateral Radiograph In this pre operative view the distal portion of the silicone implant is subluxed dorsally and the implant has eroded against the inferior margin of the phalanx. The metallic marker indicates the target of irritation upon weight bearing. The flexion deformity of the hallux is easily appreciated as the dorsal subluxation of the implant has given the flexor hallucis longus a mechanical advantage.
17c. Lateral Radiograph  Reveals the interpositional bone graft required to restore length due to a complication of HAV surgery. Here the low profile titanium plate stabilizes the graft – arthrodesis interfaces. In this procedure each interface is at risk for bone healing complication such as non union as compared to an end to end arthrodesis where there is only one site at risk. The proximal aspect of the graft-metatarsal interface is easily appreciated as a vertical lucency in this early post operative view. 

17d. Lateral Radiograph At 4-years post op complete incorporation of the graft is easily appreciated. Notice that there is approximately 20-degrees of dorsiflexion in the hallux position to allow for athletic activity of this younger physical therapist. Notice there is an increased prominence of the distal most screws. 

17e. Dorso plantar Radiograph At 4 - years post op the graft is indistinguishable from natural bone beneath this low profile titanium plate. The minimal profile of this modular hand plate makes it well tolerated even after 4-years of heavy athletic activity. 

17f. Gross Pathology Specimens The remnants of the total joint silicone implant and thickened rings of fibrinous ingrowths are excised prior to curettement of the medullary contents of bone.
Fig 18 Intraoperative photo; Acknowledgement to Jordan P. Grossman, DPM, residency program director St. Vincent Charity Hospital Cleveland, Ohio for contributing this photo. Seen here the articular surfaces of the 1st MTPJ have been denuded while preserving the subchondral surface. Once fenestrated using a 1.5mm wire pass drill bit the parts can be juxtaposed for arthrodesis. Several techniques can be utilized to denude cartilage from these surfaces such as curettage, the use of crescentic saw blades and currettement or the use of conical reamers. These techniques facilitate denuding of the articular surfaces with minimum bone loss. 

Fig 19 a & b  (Use fig 8A&B from 3rd edition textbook Pg. 594)
Multiple k-wires or Steinmann pins are useful for fusion of the 1st MTPJ and is commonly used with or without concomitant fusion of the hallux interphalangeal joint fig a. three parallel pin and fig b. two parallel pin techniques. Whether to use two or three points of fixation is a matter of the size of the parts. When the bone is sufficiently large it may take multiple points of fixation to gain stability in both the transverse and frontal planes. 
Fig. 20 (use fig 14a from 3rd edition text pg 598) 
Fig 21. Dorso plantar radiograph This post operative film reveals the hallux subluxation and sesamoid dislocation as a result of violation of the plantar plate and lateral head of the flexor hallucis brevis of the 1st metatarsophalangeal joint. The resultant hallux varus is chronically painful and disruptive in any form of shoe gear. This requires soft tissue rebalancing and repair to reduce the medial contractures.
Fig. 22 (Request use of Fig 5.  Pg 343 from the reference article authored by Banks et al: Surgical Repair of Hallux Varus JAPMA 1988 pg 339-347)  

Fig 23 a & b (Fig 7 c & d 3rd edition Comprehensive text book pg 665)
Fig 24. a-g Modified technique to reverse hallux varus; Mini TightRope Disposable Kit (AR-8911DS) Arthrex Inc. Naples, Florida. 
a. Hallux varus with associated soft tissue imbalance. 

b. After the abductor hallucis has been released passive correction of the 1st MTPJ is achieved. 

c. The k-wire should be placed in the center of the metatarsal head at the same level that one would place an axis guide for a distal “V” osteotomy. The wire should be oriented 40 to 50 degrees from the bisection of the metatarsal head from plantar to dorsal toward the 2nd metatarsal d. A k-wire is then placed through the medial midline of the proximal phalanx oriented from plantar distal to dorsal proximal converging with the direction of the first k-wire. Once the position of these k-wires has been confirmed using fluoroscopy a 2.7mm drill is run over the k-wires and the wires are then removed. 
e. The white traction suture is cut from the needle at the suture needle interface (the swedge point). Using the micro suture lasso, the suture is pulled through the metatarsal head. 
f.  As tension is placed on the suture as it is advanced into the interspace the button is fed through the metatarsal bone tunnel. 
g. Using the same suture passing technique the button is advanced through the proximal phalanx. Once the button is positioned along the medial aspect of the proximal phalanx the white suture can be severed.

Fig. 25 (Request use of Fig 7.  Pg 343 from the reference article authored by Banks et al: Surgical Repair of Hallux Varus JAPMA 1988 pg 339-347)  

Fig 26 a. – c.     a. Pre operative radiograph reveals residual metatarsus primus elevatus and hallux flexion deformity resulting in chronic shoe gear irritation and pain within the 1st MTPJ. Additionally this forefoot dysfunction will prompt rearfoot supination due to biomechanical compensations and a functional hindfoot varus may coexist. 

26b. Intra operative photo Reveals the axis guide approximately 1cm distal to the metatarsal cuneiform joint. The osteotomy cut for a plantarflexory closing base wedge osteotomy is prepared in a long oblique fashion to adequately reduce the iatrogenic metatarsus primus elevatus. Notice the blue needle hub marking the landmark of the 1st MCJ. 26c. Post operative weight bearing lateral radiograph Demonstrating complete reduction of the first metatarsal deformity. Two points of fixation are required to secure the long oblique osteotomy used to reduce the elevation of the distal metatarsal segment.

Fig 27 a & b Dorso plantar Radiographs Here the closing base wedge  metatarsal osteotomy site is still visible however there is no evidence of bone callus formation or fracture of the proximal hinge of the osteotomy. This is a form of delayed union where the osteotomy site remains stable and simply requires further protection to allow for final bone consolidation. 
Fig 27 a –h (Use Fig 11 a-h ph 674-675 3rd edition comprehensive textbook on foot and ankle surgery)
Fig 28 a-h  (Use Fig 10 A-H pg 672-673 from 3rd ed  comprehensive textbook foot and ankle surgery.)

