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Abstract

:

(1) Background: The issue of unsuccessful surgery for Chiari-1 malformation (CM-1), as well as its potential causes and possible solutions, remains poorly documented and studied. (2) Methods: From a retrospective review of a personal series of 98 patients undergoing treatment for CM-1 during the past 10 years, we created two study groups. Group 1: 8 patients (8.1%) requiring additional surgeries owing to postoperative complications (7 cerebrospinal fluid leakage, 1 extradural hematoma); 7 patients (7.1%) undergoing reoperations for failed decompression during the follow-up. Group 2: During the same period, we also managed 19 patients who had previously been operated on elsewhere: 8 patients who required adequate CM-1 treatment following extradural section of the filum terminale; 11 patients requiring reoperations for failed decompression. Failed decompression was managed by adequate osteodural decompression, which was associated with tonsillectomy (6 cases), subarachnoid exploration (8 cases), graft substitution (6 cases), and occipito-cervical fixation/revision (1 case). (3) Results: There was no mortality or surgical morbidity in Group 1. However, one patient’s condition worsened due to untreatable syrinx. In Group 2, there were two cases of mortality, and surgical morbidity was represented by functional limitation and pain in the patient who needed revision of the occipitocervical fixation. Twenty patients improved (58.8%), 6 remained unchanged (32.3%), 1 worsened (2.9%) and 2 died (5.9%). (4) Conclusions: The rate of complications remains high in CM-1 treatment. Unfortunately, a certain rate of treatment failure is unavoidable, but it appears that a significant number of re-operations could have been avoided using proper indications and careful technique.
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1. Introduction


Chiari malformation Type 1 (CM-1) consists of the downward displacement of the cerebellar tonsils into the spinal canal. Such ectopic tonsils do not necessarily constitute pathology. The wide diffusion of magnetic resonance imaging (MRI) is now showing a very high number of wholly asymptomatic and not progressive CM-1s [1,2,3,4,5,6,7]. These incidentally found CM-1s pose a problem with differential diagnosis and proper treatment indications [4,6]. There is general agreement that surgery should be reserved for symptomatic patients, but the correct assessment of preoperative symptoms may not be easy [2,6,7,8]. It is not fully understood why only some patients become symptomatic. It is supposed that symptoms and signs of CM-1 would depend on the ectopic tonsils hampering the free circulation of cerebrospinal fluid (CSF) between the cranial and spinal compartments [9]. The tonsils would isolate the perimedullary CSF space, which would become unable to dissipate the normal pressure increases that occur during exercise, Valsalva maneuvers, breathing, changes in head position and even systole [4,6,9]. This would create the conditions for the development of CM-1 symptoms and syrinx. The classic treatment aims to restore the CSF flow through the foramen magnum [9]. Foramen magnum decompression (FMD) usually consists of occipital craniectomy and C1 laminectomy, with or without dural opening, dural augmentation, Magendie exploration, or tonsillectomy. Patients with craniocervical joint malformations (CVJM) may need occipitocervical fixation, with or without transoral odontoidectomy [4,5]. Postoperative complications mainly consist of cerebrospinal fluid (CSF) leaks and pseudomeningocele (PSMC), and range from 0% to 23%, depending on the surgical technique [10,11,12,13]. The success rate of FMD is variable, ranging from 70% to 90% [9,11]. Postoperative complications do not always require reoperation, and not all patients with failed first surgery may improve with new surgical procedures.



Anyway, a significant number of CM-1 patients require reoperation for three main reasons: (1) wrong initial indication or surgical technique; (2) postoperative complication; (3) ineffective surgery that can be improved by a more invasive procedure.



In this study, we retrospectively reviewed the charts of 34 consecutive patients who required additional surgical procedures following surgical treatment for CM-1 during the last 10 years.




2. Materials and Methods


Over the period 2010–2020, 98 patients with Chiari malformation (CM) underwent FMD at the Niguarda Hospital of Milan, Italy. There were 53 males and 45 females. The average age ranged from 2 to 71 years (mean 32 years). Ten patients (10.2%) were aged less than 15 years. All patients were preoperatively evaluated by phase contrast cine-MRI to study the CSF flow and enhanced MRI to assess possible arachnoiditis. A complete spinal cord MRI was also obtained. There were 84 patients (85.7%) with CM Type 1 (CM-1), while CM Type 1.5 (CM-1.5) was identified in 14 patients (14.2%). There was no Chiari 0 [14]. In 28 patients (28.5%) that were studied by high-resolution computer tomography (CT) scans, more or less complex CVJMs were reported. In 12 cases of suspected instability (12.2%), flexion-extension CT was also performed. Syringomyelia was found in a total of 39 patients (39.7%). The FMD consisted of a small occipital craniectomy (usually 2 × 3.5 cm) and a laminectomy at C1 in all cases. Only eight cases also required partial C2 removal. Sixteen patients underwent FMD with dural weakening, but without dural sac augmentation (FMD-WDA), whereas 82 subjects were also managed by dural sac augmentation (FMD + DA). All patients with CM-1.5 underwent FMD + DA. In all cases, the decompression extended to the spinal cord caudal to the ectopic tonsils. Patients who did not have syringomyelia or arachnoiditis on their enhanced MRI were treated with extra-arachnoid decompression. Every effort was made to keep the arachnoid membrane intact, even though accidental violations were not uncommon. Whenever a syrinx was present, the Magendie foramen and fourth ventricle were routinely explored. In the case of arachnoiditis, arachnoid dissection with arachnoidolysis was performed in an attempt to restore the subarachnoid space. At the first-time FMD, no patient required tonsillectomy, which we generally reserve for cases such as those with very low-lying tonsils or patients with syringomyelia, in whom the CSF flow was intraoperatively deemed inadequate after the fourth ventricle exploration. One patient (1.1%) had documented preoperative craniocervical instability and required fixation. There was no case of significant anterior compression that required odontoidectomy.



Eight of the 98 patients (8.1%) experienced postoperative complications, requiring reoperation. These patients have been considered as Group 1A.



There was neither mortality nor permanent surgically related morbidity and all patients were discharged on average within 10 days post-surgery (range 5 to 59 days). Thereafter, they were followed as outpatients for a mean period of 3.8 years (ranging from 1 to 10 years).



Four of 98 patients (4.1%) required further surgeries for symptom persistence or recurrence during the follow-up. Three adjunctive patients (who had been operated on before 2010) also required reoperation for ineffective decompression during the same period. Therefore, a total of seven patients were required to undergo further surgical procedures for the failed initial FMD. These seven patients represent the Group 1B and could be classified as CM-1 in five cases and CM-1.5 in two cases.



Meanwhile, we managed 19 patients who had previously been managed at other hospitals.



In eight of these 19 patients, the previous treatment was just the extradural section of the filum terminale (EDS-FT). We categorized these eight patients into Group 2A.



The remaining 11 patients had undergone FMD, which failed for different reasons. These 11 patients have been considered as Group 2B.



Therefore, an overall number of 34 patients required reoperation due to failed initial treatment of their CM-1 syndromes. There were 31 adults and three children of 2, 12, and 14 years of age. Syringomyelia was reported in seven patients (five with CM-1 and two with CM-1.5).



All these patients were re-studied by cerebral and whole spine MRI. All cases were routinely re-assessed by phase contrast cine-MRI to assess the foramen magnum CSF dynamics. When cranio-cervical instability was suspected postoperatively, morpho-dynamic radiographs were obtained.



Postoperative complications and improper surgical treatment were managed by addressed treatment (for example, dural repair in the case of CSF leakage or adjunctive decompression in the case of inadequate bone removal). Patients who had been managed by FMD-WDA underwent FMD + DA. Patients with initial arachnoid preservation were managed by arachnoidolysis and tonsillectomy. First, the arachnoid adhesions around the tonsils were carefully dissected. Thereafter, a subpial tonsil resection was performed with care to preserve the posterior inferior cerebellar artery. A gentle, gradual tissue removal allowed for increased mobility and upward retraction of the pial surface of the tonsils, thus facilitating further arachnoid dissection. When free CSF flow was visible through Magendie’s foramen, a wide space was created around the bulbo-cervical junction, and when the reduced tonsils were rostral to the foramen magnum, the resection was deemed adequate. Syringomyelic cyst drainage was only used as a last resort. The algorithm for treatment is shown in Figure 1.



At the last follow-up, the clinical outcome of these patients was evaluated using the Chicago Chiari Outcome Scale [15]. Furthermore, the patient outcome was compared with the preoperative clinical state and was categorized as improved, unchanged, or worsened, based on the quality of life (QOL) [16].



The statistical analysis was conducted using the Fisher exact test or the Pearson chi-square test.



The main features of these 34 patients are summarized in Table 1.



2.1. Group 1A (Postoperative Complications)


This group consisted of eight patients who had been treated with FMD + DA. There were seven adults and one child (of 2 years of age). Two days after surgery, a 32-year-old man experienced a worsening headache and a swollen occipitocervical wound. A CT-scan revealed an extradural clot that was immediately removed. At the reoperation, a bleeding vein was found close to the edge of the C1 laminectomy. The postoperative course was uneventful, and the patient was discharged seven days later without any new neurological deficit.



Among the remaining seven patients, two experienced CSF wound leakage and five PSMC with dry skin wound. In four of five cases, the PSMC remained under the muscular layer and no subcutaneous fluid collection was evident (Figure 2).



The two patients with CSF leaks and the one with evident subcutaneous fluid collection underwent revision surgery, whereas the four patients with “internal” PSMC were initially conservatively managed. Since their preoperative headache continued or worsened, they were finally reoperated (7 days to 5 months after the first procedure).



Four of these seven patients had been treated with synthetic dural substitutes (polyurethane), while three had received biologic (bovine pericardial) substitutes. The new dural repair was accomplished using modern biologic dural substitutes (Lyoplant®, Aesculap AG- B-Braun, Tuttlingen, Germany) in the four cases initially managed using polyurethane graft. Conversely, autologous fascia lata was used in the three cases that had previously been managed using bovine pericardial grafts. In all cases, the suture lines were sealed using polyethylene glycol hydrogel sealant (DuraSeal®, Integra LifeScience Corporation, and Princeton, USA) and an adjunctive protective layer was created using gelfoam and fibrin glue. In five of the cases, an external lumbar drainage was postoperatively maintained for 5–7 days. One of these patients developed hydrocephalus, which was treated with a ventriculoperitoneal shunt.




2.2. Group 1B (Patients with Failed FMD in Our Series)


This group consisted of six adults and one boy (14 years of age) who received limited or no benefit from FMD. All of these patients were re-admitted 6 months to 8 years after surgery. One of these patients had even undergone EDS-FT (at another center), six months after the failed FMD. All of these patients complained of the persistence or recurrence of their preoperative symptoms (headache in all cases, impaired left hand in one case). Four patients, three adults, and one boy (14-year-old), with FMD-WDA underwent reoperation for dural sac augmentation (Figure 3).



The remaining three patients had undergone FMD + DA; two experienced a progressive worsening of their preoperative symptoms despite adequate osteodural decompression. Both patients harbored CM-1.5. Radiological assessments did not reveal signs of instability, while phase contrast cine-MRI showed inadequate CSF-flow at the foramen magnum level. The reoperation of these two patients involved an extended arachnoid dissection and tonsillectomy. Six months after surgery, an adjunctive patient with FMD + DA presented with worsened syringomyelia and asymptomatic mild ventricular dilatation. Imaging studies did not reveal neural compression, craniocervical instability, or hampered CSF flow. This patient underwent surgical exploration with tonsillectomy. Since the syrinx continued to worsen, further procedures were required including ETV, ventriculoperitoneal shunting, further exploration with syringostomy, and finally syringoperitoneal derivation.




2.3. Group 2A (Patients Previously Undergoing Section of the Filum Terminale)


This group consisted of eight patients (seven adults and a 12-year-old girl) who had been managed by the EDS-FT at other hospitals. These patients were referred to us 6 months to 5 years after this treatment. Neither of these patients received any benefit from EDS-FT. Indeed, five patients with previous EDS-FT and subsequent FMD at other centers were assigned to Group 2B. Our treatment included FMD + DA in all patients of this group.




2.4. Group 2B (Patients with Ineffective FMD at Other Centers)


This group consisted of 11 adult patients. Six patients showed transitory improvement followed by symptom recurrence, whereas the remaining five received no benefit at all. This group included patients who had undergone different treatments. There were three patients with FMD-WDA who were reoperated for dural augmentation. Three other patients had been managed by FMD + DA, leaving C1 intact, which maintained a certain level of compression. The reoperation consisted of laminectomy and intradural exploration (Figure 4).



Two other patients presented with worsening headache and rigor nucalis following a transitory improvement. These patients had undergone FMD + DA with biological meningeal grafts. MRI scans showed meningeal enhancement and reduced subarachnoid space with scarce CSF-flow in both cases. The reoperation consisted of graft substitution and arachnoid dissection (Figure 5).



Another patient received no benefit from FMD + DA. The repeated MRI revealed a partial dural ossification with limited craniectomy. Reoperation consisted of the enlargement of the osteodural decompression.



Another patient presented to us with severe dysphagia. She had been operated for FMD + DA plus occipito-cervical fixation. Repeated imaging studies documented ventral bulbar compression by basilar impression. The clivo-axial angle was below 135°. The treatment consisted of removal of the fixation device followed by cranial traction under general anesthesia with muscle relaxation under continuous radiologic and neurophysiologic monitoring. This enabled the basilar impression to be reduced. The reduction was maintained by placing a new craniocervical fixation (Figure 6).



Finally, there was a patient who had undergone several surgeries, including FMD + DA, transoral odontoidectomy, tonsillectomy, and craniocervical fixation. He was admitted to our department because of invalidating occipital and neck pain, breathing difficulties, and severe nocturnal apnea. He also suffered from quadriparesis. An MRI showed the enlargement of his known syringobulbia. In this case, we attempted to expand his osteodural decompression and explored the Magendie foramen to assess the patency of the fourth ventricle outlet.





3. Results


In addition to the eight patients from Group 1A and the seven from Group 1B, there were six patients who received no gross benefit from initial surgery and three subjects who developed worsening symptoms during follow-up but did not undergo further surgeries. Accordingly, a total of 24 patients (24.5%) did not improve after the first FMD. Although 13 of these patients improved following redo surgery, there were still 11 patients (11.2%) whose QOL did not improve (final CCOS < 13).



Surgical complications (Group 1A) were mainly surgeon-related, consisting of failed dural repair. On the other hand, several factors were responsible for FMD failure in Group 1B. However, there were no significant differences between the subtypes of Chiari malformation: two failures among 84 patients with Chiari malformation type 1 versus two failures among 14 patients with Chiari malformation type 1.5 (p-value > 0.05). In Groups 2A and 2B, which consisted of patients who had previously been operated on elsewhere, the weight of the subtypes was not evaluated.



The outcome of the 34 patients who required reoperation was evaluated, considering their initial status before any surgical treatment [15,16]. The QOL improved in twenty patients (58.8%), who scored 13–14 on the CCOS. Eleven patients (32.3%) had an unchanged QOL with a CCOS score of 10–12. One patient (2.9%) worsened (CCOS score = 4) and two died (5.8%) (Table 1 and Table 2).



Syringomyelia was the leading cause of worsening in all three patients, with negative results. In two of the remaining four patients with syrinx, the final QOL improved and remained unchanged in the other two. Accordingly, reoperation did not improve the QOL in five out of seven patients with syringomyelia, but these findings were not significant (p > 0.05).



The overall outcome was significantly better following first-time FMD than after redo surgery (p-value = 0.004).



Table 2 summarizes the outcome differences between the first and second operation.



Among the 20 patients with improved QOL following redo surgery, 17 (85%) were reoperated within 6 months, whereas 10 out of 14 patients without improved QOL underwent reoperation more than 6 months after the first surgery. The interval between the first and second operation was significant (p-value = 0.049).



3.1. Group 1A (Postoperative Complications)


The one patient with an extradural clot and the two patients with CSF leaks were successfully treated (final CCOS 14, 13, and 13). Upon reoperation, all five cases of PSMC were radiologically cured. Nevertheless, headaches persisted in three patients (final CCOS 12, 12, 10) (Figure 1) and improved in just two subjects (final CCOS 13 in both cases). These three patients without improvement underwent reoperation 2 to 5 months after FMD, whereas both patients with improvement were operated within one month of the first surgery.



Overall, 62.5% (5 out of 8) of patients achieved significant improvement, whereas three cases remained unchanged.




3.2. Group 1B (Patients with Failed FMD in Our Series)


All four patients with previous FMD-WDA improved following reoperation with dural augmentation (CCOS 14 in one case and 13 in three cases). As well as an extradural thick scar, fibrous extra-arachnoid bands were also found underneath the dural layer in all these patients. The subarachnoid space looked constricted and tended to expand as soon as the intradural bands were incised.



For the three patients who required reoperation with tonsillectomy, the following CCOS were obtained: 13, 10, and 4. The patient with a final CCOS score of 4 required numerous further surgical procedures, but continued to worsen and eventually became quadriplegic.



In conclusion, the QOL improved in five patients (71.4%), remained unchanged in one, and was severely worsened in another.




3.3. Group 2A (Patients Previously Undergoing Section of the Filum Terminale)


In six out of eight patients with previous EDS-FT, FMD + DA provided favorable clinical results (CCOS score 14 in two cases and 13 in four cases). Two patients obtained scarce clinical benefit (CCOS score respectively 11 and 10). Both of these patients had very long histories and were experiencing progressively worsening syringomyelia. They were referred to us more than 4 years after their EDS-FT. The FMD stopped the progression of the syrinx, but had a poor impact on headache and neurological status.



Overall, the QOL improved in six out of eight patients (75%), whereas it remained unchanged in two patients.




3.4. Group 2B (Patients with Ineffective FMD at Other Centers)


Among the three patients who had undergone FMD-WDA, two improved following dural augmentation (CCOS score respectively 14 and 13), while one obtained just transitory benefit and required further surgery consisting of bilateral tonsillectomy, which provided just partial improvement (CCOS score = 12).



One of the three patients with C1 intact also had very tight adhesions between the cerebellar cortex and the overlying biologic dural graft, which had to be meticulously detached and replaced using an inert dural substitute of polyurethane (Figure 5). These three patients experienced partial improvement, but their QOL remained unchanged (final CCOS = 12 in one case and 10 in two cases).



The outcomes of those two patients with foreign body reactions to the dural substitute were quite different. One significantly improved by dural graft replacement and achieved a CCOS score of 13. The other patient had a long clinical history of arachnoiditis and had only mild and transitory improvement. Despite numerous further surgical procedures, this patient progressively became quadriplegic and eventually died because of syrinx progression and final bulbar atrophy.



Regarding the patient with craniocervical fixation and basilar impression (Figure 6), postoperative assessments demonstrated an adequate reduction in the bone malformation. Although her swallowing disturbances improved, one year later she still complained of severe headache and asthenia. The final CCOS score was 10 and her QOL was unchanged.



Following reoperation, the patient with limited craniectomy achieved a good QOL (final CCOS score = 13).



The patient who had undergone multiple procedures for FMD-DA, odontoidectomy, craniocervical fixation, and tonsillectomy had an uneventful course following reoperation. Postoperative MRI showed a decrease in syringobulbia. However, one week later, this patient complained of severe vegetative disturbances and ultimately died despite no new lesion being shown by repeated MRI. This patient has already been reported [4].



In conclusion, in these 11 patients, the QOL improved in four and remained unchanged in five. Two patients died.





4. Discussion


Reoperation due to failed treatment is a major problem in the management of CM-1 syndrome. All series show rates of treatment failures that are not negligible [7,11,17,18,19,20,21,22,23,24,25,26]. However, the skillfulness of the surgeon may play a significant role: in the series of Walker-Palmer et al. [26], the complication rate ranged from 11 to 20% for extradural, and 10.5 to 40% for intradural surgeries depending on the experience of the surgeons. Basaran and Colleagues [27] reported a higher rate of complications in CM-1.5 than in CM-1. This finding was not confirmed by Chae and Greenfield [24], who reported no significant differences in the rate of reoperations. Patients with CM-1.5 would have more severe syndromes and shorter clinical histories [27] and may require different treatment modalities [14]. However, there are authors [24,27] who still consider FMD with or without DA to be the preferred procedure for both CM-1 and CM-1.5. In our series, syringomyelia was significantly more frequent in CM-1.5 patients, but CM-1 and CM-1.5 had comparable rates of treatment failures. We usually extend the decompression to expose the space caudal to the tonsils, even if this means a partial C2 laminectomy, which is one of the recommended treatments for CM-1.5 [28] and for syringomyelia [29].



Recently, Oldfield and colleagues [9,30,31] reviewed their extensive 30-year experience reporting the results of the various surgical techniques that can be chosen. They reported some outcome differences between children and adults, and compared bone decompression alone with dural augmentation. They found a lower complication rate, but a higher probability of reoperation, in patients undergoing bone decompression alone. Conversely, patients with osteodural decompression required fewer surgeries overall, despite higher rates of postoperative complications. Similar findings were also reported by others [26,29]. A generally accepted strategy is to perform bone decompression alone with dural weakening in cases with less severe malformations [32] and in the pediatric population [9,30,33,34,35]. The presence of syringomyelia is often considered an indication to perform dural augmentation, and subarachnoid exploration to identify arachnoid webs or veils impairing the flow from the 4th ventricle [3,6,29,36]. Other authors [26] reported no significantly different results comparing extra- and intradural procedures in the management of pediatric syringomyelia.



Klekamp [25] found a close correlation between the severity of neurological symptoms and the grade of arachnoid pathology, and recommended decompressions with arachnoid dissection to obtain a favorable long-term prognosis. This author, however, reported that first-time decompression with arachnoid dissection resulted in surgical morbidity of 2.0%, a 0.9% mortality rate. We have recognized the importance of arachnoiditis since 1993 [37]; however, in patients without evidence of arachnoid pathology and/or syringomyelia, we prefer extra-arachnoid decompression as initial treatment. This should reduce the surgical risks. During first-time FMD, we do not even routinely perform tonsillectomy. Some authors [38,39] still perceive tonsillectomy to be the most effective treatment modality, whereas others [35] dispute the efficacy, safety, and necessity of tonsillar manipulation. Although techniques exist for mini-invasive tonsillectomy, in our and other minds [9,31,40,41], when it is possible, extra-arachnoid decompression is preferred, since adhesions and scarring are triggered each time the arachnoid is entered. In cases where a tonsillectomy is necessary, gentle coagulation of the tonsils should result in fewer adhesions and scarring. However, we prefer a subpial tonsillectomy, which may provide a wider space for the CSF. In our experience, the preservation of the pial surface usually warrants scarce arachnoid scars.



Dural repair is generally accomplished using commercial dural substitutes or autologous muscular fascia. A discussion of the best method of dural reconstruction is beyond the scope of this paper, and a gold standard does not exist for this item either [35,36,37,38,39]. Inert artificial grafts, such as those in polyurethane or Gore-Tex® (Gore, DE, USA), would warrant no cerebellar-arachnoid adhesions, thus favoring free CSF circulation and improving patient outcomes. On the other hand, these grafts also provide less adhesion with the dural boundaries, thus promoting less waterproof healing and a relatively higher risk of CSF leakage. Conversely, biologic grafts (both commercial and autologous ones) offer a lower risk of CSF fibula but a higher risk of internal adhesions hindering the CSF circulation. Even though the international consensus document [40,41] does not favor the use of inert artificial grafts, considering the above general aspects, we choose the dural graft case by case.



An international consensus conference was recently held in Milan, Italy to reach a consensus about the indications and the management of CM-1 [37,38,39]. However, several authors maintain their preferences and a gold standard does not yet exist [35,38,39,40,41].



Further surgeries owing to FMD failure are reported in 6.6–21.6% of patients [20,26,42,43]. In our series, 7.1% of patients required reoperation because of failed first-time FMD, and 11.2% did not achieve any improvement in their QOL (CCOS < 13). We strive to improve our results following most of the recommendations of the international consensus document [40,41] that we contributed to carrying out. FMD-WDA is now offered only in selected cases of children without syringomyelia. The arachnoid membrane is preserved in patients without arachnoiditis or syringomyelia. Tonsillectomy is performed only in patients with very low-lying tonsils or with seriously hampered CSF flow from the fourth ventricle. Asymptomatic and paucisymptomatic PSMC are initially conservatively treated. Symptomatic basilar invagination is managed by anterior decompression when posterior reduction has already failed, and so on. Nevertheless, in some cases, our policy may differ from the consensus indications. For example, we do not hesitate to extend bone decompression up to C2 in the case of low-lying tonsils.



There are a few papers focusing on the results of reoperations in CM-1 patients [24], and we can provide limited information regarding the overall risk of complications, the rate of reoperation, and the outcome of reoperated patients. Of the 34 reoperated patients in our series, none achieved the maximum CCOS score of 16 and 41.2% obtained unsatisfactory results (CCOS score < 13). Furthermore, reoperation resulted in significantly worse results than first-time FMD. We cannot state that surgery for CM-1 should be considered a “one-shot-therapy”, but we think that any effort must be made to have the first surgery as effective as possible. This statement may seem obvious, but we mean that all the procedures must be carefully evaluated and indicated, including bone decompression alone, preservation of C1, dural augmentation, extra-arachnoid decompression, and so on. Since long clinical histories may have a negative prognostic effect, it is important to avoid procedures of unproven efficacy (such as EDS-FT) since they may delay the proper treatment [40,41].



Syringomyelia played an important role in our series: it was responsible for one-fifth of patients worsening after the first treatment, and less than one-third of patients improved after reoperation. Furthermore, it was responsible for the three cases of poor results.



The sample size was too small for sophisticated statistical analyses. Regardless, these findings should be considered. Although the statistical significance of the presence of syringomyelia was not reached and was weak regarding delayed reoperations, poor results were found in syringomyelic patients who wasted their time with EDS-FT.



4.1. Group 1A (Postoperative Complications)


Our overall rate (7.6%) of patients requiring re-operation because of postoperative complications is not negligible but favorably compares with the 6%-7% rates from the literature [7,11,20,42,43]. Anyway, it should be noted that almost 80% of our patients underwent dural augmentation and most of our complications consisted of CSF leakage or PSMC.



Although the literature reports comparable rates (13%) of CSF-leak in all types of posterior fossa surgery [44,45], in our experience [46], the risk of CSF fistula appears higher in CM-1 treatment. We wonder if a role is played by the disturbed CSF dynamics of CM-1 syndrome [6,9].



Postoperative PSMCs with no external evidence, are not uncommon. If they are asymptomatic or paucisymptomatic, they can be treated conservatively [40,41]. A simple observation, head elevation, and sometimes temporary external lumbar drainage, can be quite effective. However, if the PSMC is large, this tends to increase or is associated with an important headache, then a timely surgical indication must be considered [40,41]. In the present series, headaches were frequent in PSMC, as also reported by others [47]. All the three patients who were lately re-operated had unchanged QOL. It is not possible to draw reliable inferences, but both patients with improved QOL were early operated.




4.2. Group 1B (Patients with Failed FMD in Our Series)


This group mainly consisted of adult patients requiring reoperation following FMD-WDA. All of these patients improved after dural sac augmentation. As mentioned above, we have stopped offering FMD-WDA to adult patients.



Arachnoiditis and foreign body reactions may be difficult to manage. Graft replacement and extended arachnoid dissection may provide only temporary benefit because arachnoid adhesions tend to recur. We usually perform tonsillectomy as well in these cases. This improves decompression and increases the space for CSF-flow. In general, we commonly perform tonsillectomy at the second-time FMD.



When clear causes of failed FMD are identified, the treatment may be relatively simple and satisfactory. However, this group included a case of FMD failure without any apparent cause. Despite no evidence of persistent compression, hampered CSF-flow, or instability, this patient progressively worsened owing to untreatable syrinx progression. We are still perplexed about this patient. In addition to compression, CSF flow alteration, and instability, there may be some other still unknown mechanisms that play a role in CM-1 syndrome.




4.3. Group 2A (Patients Previously Undergoing Section of the Filum Terminale)


The section of the filum terminale as treatment for CM-1 syndrome originates from the observation that tethered cord may be associated with CM-1 and that CM-1 may be an acquired condition in children with spinal dysraphism [48,49]. Indeed, such an association is not as frequent as originally reported [50]. Treatment should always address the symptomatic lesion: patients with tethered cord syndrome should undergo detethering, whereas patients with CM-1 syndrome should obtain cranio-cervical decompression [51]. Anatomical studies [52] have provided arguments against the role played by pulling-down in CM-1 development: both the cerebellum and the brainstem are frequently upwardly displaced through tentorial hypoplasia; cervical and thoracic roots always present normal origin and direction. Moreover, there are experimental studies denying any pathogenetic effect on CM-1 development by tethering the cord [53]. The extradural section of the filum terminale would mean the interruption of the so-called filum terminale externum, which simply connects the dural sac to the coccyx, and has no proven relationships with the filum terminale internum, which ends fusing with the dural sac [54]. From a practical standpoint, the theoretical traction by the filum terminale externum would be exerted on the dural sac, with no effect on the spinal cord. Thus, on the CM-1 development. Finally, the literature includes few, and poorly documented, references that support the efficacy of filum terminale sectioning. A recent systematic review found only two published series of EDS-FT, both from the same group, and concluded that this procedure has no scientific support in CM-1 patients without evidence of tethered cord [55].



The unique advantage of EDS-FT is that it is a real low-risk procedure. On the other hand, the EDS-FT may delay the proper treatment of CM-1, with possible negative effects. While the real efficacy of EDS-FT remains unproven [40,41], it is a matter of fact that 14 out of 34 patients (41.1%) with CM-1 requiring reoperation had been previously managed by filum terminale sectioning.




4.4. Group 2B (Patients with Ineffective FMD at Other Centers)


Some patients experienced temporary postoperative improvement. These patients were mainly adults with FMD-WDA or with arachnoiditis. On the other hand, there were patients without any postoperative improvement after FMD. In all these cases, the decompression was too small. It might be useful to categorize FMD failures.



It is widely accepted that a craniectomy of 2 × 3.5 cm is sufficient to treat most cases. If C1 does not participate in the compression, then it is also reasonable that it is preserved. However, our series included patients with small craniectomy and patients with untouched C1 despite its compressive effect. In general, careful analysis of the preoperative imaging is essential to plan an adequate surgical strategy that must be closely tailored to each patient. Another consideration concerns possible ventral compression.



This series included a patient with misrecognized basilar impression, which was the cause of the failure. Odontoidectomy has been recommended in the case of CM-1 with ventral compression [5,56]. It has been recommended to try reducing the basilar impression before removing the dens [57]. We routinely perform odontoidectomy in the case of irreducible basilar impressions [40,41], but cases of CM-1 requiring odontoid removal were never encountered during the last 10 years. Odontoidectomy is often associated with cranio-cervical fixation. Some authors have stressed the indications for occipito-cervical arthrodesis, both as the first treatment for CM-1 and in the case of redo surgeries [32,58]. However, the AO-spine has considered craniocervical fixation as a morbidity [59,60], and its possible advantages must be carefully evaluated considering its undoubted disadvantages. In our own series, we only had to fixate one patient with preoperative proven instability, whereas no patient developed postoperative instability and required fixation on reoperation. This group included two patients who had been fixed elsewhere. Both patients complained of severe neck rigidity and pain, and asked for the fixation removed. In one case, the removal was absolutely impossible because of extended and consolidated arthrodesis [4]. The other case was that of the patient whose fixation device was temporarily taken off to reduce the basilar impression (Figure 5).





5. Conclusions


The need for repeated surgical procedures remains a major problem in CM-1 treatment. Several well-known factors can contribute to the failure of the initial treatment, the management of which is relatively well codified and accepted [37,38,39]. The small sample size of this series prevents definitive conclusions. The majority of patients had to be reoperated due to surgical complications or inadequate decompression, as well as inappropriate treatment choices. These factors are surgeon-related and need to be improved [26]. Other patients had to be reoperated because of arachnoiditis, syringomyelia, and associated CVJMs. These are disease-related factors that may be difficult to treat and require a correct diagnosis and adequate surgical planning and management. Therefore, in all cases, the importance of the surgeon’s skill and experience cannot be overemphasized, as they play a crucial role both in the prevention and management of CM-1 treatment failures.



Furthermore, it is advisable that patients who require redo surgery are managed without unmotivated delays, as long intervals between the first and second operation may affect the outcome.



Patients who required reoperation had overall worse outcomes than patients with effective initial treatment.



Therefore, every effort should be made to ensure that the first treatment is definitive. With the careful examination of the patients and their neuroimaging studies, it is possible to develop tailored strategies to increase the chances of surgical success.



Unfortunately, Chiari surgery is often considered routine and not taken as seriously and handled as delicately as other neurosurgical interventions. We have the impression that the CM-1 treatment is often considered relatively easy and, therefore, is assigned to less experienced surgeons. It appears that even the indications and techniques are sometimes chosen superficially, representing the best way to cause disasters.



We hope that this wrong perspective and perception will change and that we will train our young people to understand the importance of, and both the manual and intellectual delicacy needed in, Chiari surgery.







Author Contributions


Conceptualization, G.T. and M.F.; methodology, G.T. and M.C.; software, M.F. and G.M.; validation, G.T., D.B. and M.C.; formal analysis, G.T., M.F. and E.M.; investigation, G.T., M.P. and M.F.; data curation, G.T. and M.P.; writing—original draft preparation, G.T.; writing—review and editing, G.T. and M.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Milhorat, T.H.; Chou, M.W.; Trinidad, E.M.; Kula, R.W.; Mandell, M.; Wolpert, C.; Speer, M.C. Chiari I Malformation Redefined: Clinical and Radiographic Findings for 364 Symptomatic Patients. Neurosurgery 1999, 44, 1005–1017. [Google Scholar] [CrossRef] [PubMed]

	



Meadows, J.; Kraut, M.; Guarnieri, M.; Haroun, R.I.; Carson, B.S. Asymptomatic Chiari Type I malformations identified on magnetic resonance imaging. J. Neurosurg. 2000, 92, 920–926. [Google Scholar] [CrossRef] [PubMed]

	



Menezes, A.H.; Greenlee, J.; Donovan, K.A. Honored guest presentation: Lifetime experiences and where we are going: Chiari I with syringohydromyelia--controversies and development of decision trees. Clin. Neurosurg. 2005, 52, 297–305. [Google Scholar] [PubMed]

	



Talamonti, G.; Ferrari, E.; D’Aliberti, G. Chiari malformation type 1: Are we doing less with more? Illustrative case. J. Neurosurg. Case Lessons 2021, 1, CASE20145. [Google Scholar] [CrossRef] [PubMed]

	



CreveCoeur, T.S.; Yahanda, A.T.; Maher, C.O.; Johnson, G.W.; Ackerman, L.L.; Adelson, P.D.; Ahmed, R.; Albert, G.W.; Aldana, P.R.; Alden, T.D.; et al. Occipital-Cervical Fusion and Ventral Decompression in the Surgical Management of Chiari-1 Malformation and Syringomyelia: Analysis of Data from the Park-Reeves Syringomyelia Research Consortium. Neurosurgery 2021, 88, 332–341. [Google Scholar] [CrossRef]

	



Talamonti, G.; Marcati, E.; Gribaudi, G.; Picano, M.; D’Aliberti, G. Acute presentation of Chiari 1 malformation in children. Child’s Nerv. Syst. 2020, 36, 899–909. [Google Scholar] [CrossRef]

	



Massimi, L.; Frassanito, P.; Chieffo, D.; Tamburrini, G.; Caldarelli, M. Bony Decompression for Chiari Malformation Type I: Long-Term Follow-Up. Acta Neurochir. Suppl. 2019, 125, 119–124. [Google Scholar] [CrossRef]

	



Novegno, F. Clinical diagnosis—Part II: What is attributed to Chiari I. Child’s Nerv. Syst. 2019, 35, 1681–1693. [Google Scholar] [CrossRef]

	



Oldfield, E.H. Pathogenesis of Chiari I—Pathophysiology of syringomyelia: Implications for therapy: A summary of 3 decades of clinical research. Neurosurgery 2017, 64 (Suppl. 1), 66–77. [Google Scholar] [CrossRef]

	



Fuentes, A.M.; Chiu, R.G.; Nie, J.; Mehta, A.I. Inpatient outcomes of posterior fossa decompression with or without duraplasty for Chiari malformation type I. Clin. Neurol. Neurosurg. 2021, 207, 106757. [Google Scholar] [CrossRef]

	



Arnautovic, A.; Splavski, B.; Boop, F.A.; Arnautovic, K.I. Pediatric and adult Chiari malformation Type I surgical series 1965–2013: A review of demographics, operative treatment, and outcomes. J. Neurosurg. Pediatr. 2015, 15, 161–177. [Google Scholar] [CrossRef]

	



Gürbüz, M.S.; Berkman, M.Z.; Ünal, E.; Akpınar, E.; Gök, Ş.; Orakdöğen, M.; Aydın, S. Foramen Magnum Decompression and Duraplasty is Superior to Only Foramen Magnum Decompression in Chiari Malformation Type 1 Associated with Syringomyelia in Adults. Asian Spine J. 2015, 9, 721–727. [Google Scholar] [CrossRef]

	



Hoffman, H.; Bunch, K.M.; Paul, T.; Krishnamurthy, S. Comparison of Pericranial Autograft and AlloDerm for Duraplasty in Patients with Type I Chiari Malformation: Retrospective Cohort Analysis. Neurosurgery 2021, 21, 386–392. [Google Scholar] [CrossRef]

	



Bordes, S.; Jenkins, S.; Tubbs, R.S. Defining, diagnosing, clarifying, and classifying the Chiari I malformations. Child’s Nerv. Syst. 2019, 35, 1785–1792. [Google Scholar] [CrossRef]

	



Aliaga, L.; Hekman, K.E.; Yassari, R.; Straus, D.; Luther, G.; Chen, J.; Sampat, A.; Frim, D. A Novel Scoring System for Assessing Chiari Malformation Type I Treatment Outcomes. Neurosurgery 2011, 70, 656–665. [Google Scholar] [CrossRef]

	



Antkowiak, L.; Stogowski, P.; Klepinowski, T.; Balinski, T.; Mado, H.; Sumislawski, P.; Niedbala, M.; Rucinska, M.; Nowaczyk, Z.; Rogalska, M.; et al. External validation of the Chicago Chiari Outcome Scale in adults with Chiari malformation type I. Neurosurg. Focus 2023, 54, E3. [Google Scholar] [CrossRef]

	



Mazzola, C.A.; Fried, A.H. Revision surgery for chiari malformation decompression. Neurosurg. Focus 2003, 15, 1–8. [Google Scholar] [CrossRef]

	



Klekamp, J. Neurological deterioration after foramen magnum decompression for Chiari malformation type I: Old or new pathology? J. Neurosurg. Pediatr. 2012, 10, 538–547. [Google Scholar] [CrossRef]

	



Soleman, J.; Bartoli, A.; Korn, A.; Constantini, S.; Roth, J. Treatment failure of syringomyelia associated with Chiari I malformation following foramen magnum decompression: How should we proceed? Neurosurg. Rev. 2019, 42, 705–714. [Google Scholar] [CrossRef]

	



Feghali, J.; Marinaro, E.; Lubelski, D.; Luciano, M.G.; Huang, J. Novel Risk Calculator for Suboccipital Decompression for Adult Chiari Malformation. World Neurosurg. 2020, 139, 526–534. [Google Scholar] [CrossRef]

	



Zhang, F.; Norvell, D.C.; Hermsmeyer, J.T.; Schuster, J.M. Persistent/Recurrent Syringomyelia after Chiari Decompression—Natural History and Management Strategies: A Systematic Review. Evid.-Based Spine-Care J. 2013, 04, 116–125. [Google Scholar] [CrossRef] [PubMed]

	



Tosi, U.; Lara-Reyna, J.; Chae, J.; Sepanj, R.; Souweidane, M.M.; Greenfield, J.P. Persistent Syringomyelia After Posterior Fossa Decompression for Chiari Malformation. World Neurosurg. 2020, 136, 454–461.e1. [Google Scholar] [CrossRef] [PubMed]

	



Duddy, J.C.; Allcutt, D.; Crimmins, D.; O’Brien, D.; O’Brien, D.F.; Rawluk, D.; Sattar, M.T.; Young, S.; Caird, J. Foramen magnum decompression for Chiari I malformation: A procedure not to be underestimated. Br. J. Neurosurg. 2013, 28, 330–334. [Google Scholar] [CrossRef] [PubMed]

	



Chae, J.K.; Greenfield, J.P. Revision Chiari Surgery in Young Children: Predictors and Outcomes. Pediatr. Neurosurg. 2021, 56, 529–537. [Google Scholar] [CrossRef] [PubMed]

	



Klekamp, J. Surgical Treatment of Chiari I Malformation—Analysis of Intraoperative Findings, Complications, and Outcome for 371 Foramen Magnum Decompressions. Neurosurgery 2012, 71, 365–380. [Google Scholar] [CrossRef]

	



Walker-Palmer, T.-K.; Cochrane, D.D.; Singhal, A.; Steinbok, P. Outcomes and complications for individual neurosurgeons for the treatment of Chiari I malformation at a children’s hospital. Child’s Nerv. Syst. 2019, 35, 1895–1904. [Google Scholar] [CrossRef]

	



Basaran, R.; Bozdogan, C.; Senol, M.; Gundogan, D.; Isik, N. Long-term outcomes of surgical management in subtypes of Chiari malformation. Neurol Res 2021, 43, 760–766. [Google Scholar] [CrossRef]

	



Ravindra, V.M.; Iyer, R.R.; Awad, A.-W.; Bollo, R.J.; Zhu, H.; Brockmeyer, D.L. Defining the role of the condylar–C2 sagittal vertical alignment in Chiari malformation type I. J. Neurosurg. Pediatr. 2020, 26, 439–444. [Google Scholar] [CrossRef]

	



Ito, K.; Yamada, M.; Horiuchi, T.; Hongo, K. Appropriate surgical procedures for Chiari type 1 malformation and associated syrinx based on radiological characteristics of the craniovertebral junction. Neurosurg. Rev. 2019, 43, 575–580. [Google Scholar] [CrossRef]

	



Heis, J.; Oldfield, E.H. Management of Chiari Malformations and Syringomyelia. In Schmidek and Sweet Operative Neurosurgical Techniques, 6th ed.; Elsevier: New York, NY, USA, 2012. [Google Scholar]

	



Oldfield, E.H.; Muraszko, K.M.; Shawker, T.H.; Patronas, N.J. Pathophysiology of syringomyelia associated with Chiari I malformation of the cerebellar tonsils. Implications for diagnosis and treatment. J. Neurosurg. 1994, 80, 3–15. [Google Scholar] [CrossRef]

	



Beecher, J.S.; Liu, Y.; Qi, X.; Bolognese, P.A. Minimally invasive subpial tonsillectomy for Chiari I decompression. Acta Neurochir. 2016, 158, 1807–1811. [Google Scholar] [CrossRef]

	



Durham, S.R.; Fjeld-Olenec, K. Comparison of posterior fossa decompression with and without duraplasty for the surgical treatment of Chiari malformation Type I in pediatric patients: A meta-analysis. J. Neurosurg. Pediatr. 2008, 2, 42–49. [Google Scholar] [CrossRef]

	



Genitori, L.; Peretta, P.; Nurisso, C.; Macinante, L.; Mussa, F. Chiari type I anomalies in children and adolescents: Minimally invasive management in a series of 53 cases. Child’s Nerv. Syst. 2000, 16, 707–718. [Google Scholar] [CrossRef]

	



Alexander, H.; Tsering, D.; Myseros, J.S.; Magge, S.N.; Oluigbo, C.; Sanchez, C.E.; Keating, R.F. Management of Chiari I malformations: A paradigm in evolution. Child’s Nerv. Syst. 2019, 35, 1809–1826. [Google Scholar] [CrossRef]

	



Elliott, R.; Kalhorn, S.; Pacione, D.; Weiner, H.; Wisoff, J.; Harter, D. Shunt malfunction causing acute neurological deterioration in 2 patients with previously asymptomatic Chiari malformation Type I. J. Neurosurg. Pediatr. 2009, 4, 170–175. [Google Scholar] [CrossRef]

	



Versari, P.P.; D’Aliberti, G.; Talamonti, G.; Collice, M. Foraminal syringomyelia: Suggestion for a grading system. Acta Neurochir. 1993, 125, 97–104. [Google Scholar] [CrossRef]

	



Bolognese, P.A.; Brodbelt, A.; Bloom, A.B.; Kula, R.W. Chiari I Malformation: Opinions on Diagnostic Trends and Controversies from a Panel of 63 International Experts. World Neurosurg. 2019, 130, e9–e16. [Google Scholar] [CrossRef]

	



Bolognese, P.A.; Brodbelt, A.; Bloom, A.B.; Kula, R.W. Professional Profiles, Technical Preferences, Surgical Opinions, and Management of Clinical Scenarios from a Panel of 63 International Experts in the Field of Chiari I Malformation. World Neurosurg. 2020, 140, e14–e22. [Google Scholar] [CrossRef]

	



Ciaramitaro, P.; Massimi, L.; Bertuccio, A.; Solari, A.; Farinotti, M.; Peretta, P.; Saletti, V.; Chiapparini, L.; Barbanera, A.; Garbossa, D.; et al. International Experts Jury of the Chiari Syringomyelia Consensus Conference, Milan, November 11–13, 2019. Diagnosis and treatment of Chiari malformation and syringomyelia in adults: International consensus document. Neurol. Sci. 2021, 43, 1327–1342, Correction to: Neurol. Sci. 2021, 43, 1483–1484. [Google Scholar] [CrossRef]

	



Massimi, L.; Peretta, P.; Erbetta, A.; Solari, A.; Farinotti, M.; Ciaramitaro, P.; Saletti, V.; Caldarelli, M.; Canheu, A.C.; Celada, C.; et al. Diagnosis and treatment of Chiari malformation type 1 in children: The International Consensus Document. Neurol. Sci. 2021, 43, 1311–1326. [Google Scholar] [CrossRef]

	



Bhimani, A.D.; Esfahani, D.R.; Denyer, S.; Chiu, R.G.; Rosenberg, D.; Barks, A.L.; Arnone, G.D.; Mehta, A.I. Adult Chiari I Malformations: An Analysis of Surgical Risk Factors and Complications Using an International Database. World Neurosurg. 2018, 115, 490–500. [Google Scholar] [CrossRef] [PubMed]

	



Knafo, S.; Malcoci, M.; Morar, S.; Parker, F.; Aghakhani, N. Surgical Management after Chiari Decompression Failure: Craniovertebral Junction Revision versus Shunting Strategies. J. Clin. Med. 2022, 11, 3334. [Google Scholar] [CrossRef] [PubMed]

	



Sastry, R.A.; Walek, K.; Leary, O.P.; Rex, N.; Shaaya, E.A.; Poggi, J.A.; Cielo, D. Incidence, Characteristics, and Outcomes of Pseudomeningocele and Cerebrospinal Fluid Fistula after Posterior Fossa Surgery. World Neurosurg. 2022, 164, e1094–e1102. [Google Scholar] [CrossRef] [PubMed]

	



Dubey, A.; Sung, W.-S.; Shaya, M.; Patwardhan, R.; Willis, B.; Smith, D.; Nanda, A. Complications of posterior cranial fossa surgery—An institutional experience of 500 patients. Surg. Neurol. 2009, 72, 369–375. [Google Scholar] [CrossRef] [PubMed]

	



Torrejon, R.T.; Bayston, R.; Rossi, D.; Da Deppo, L.; Hafermann, J.; Saunders, R. EE311 Polyethylene Glycol Hydrogel Versus Fibrin Glue Sealant for Posterior Fossa Surgery: A Budget-Impact Analysis in Five European Countries. Value Health 2022, 25, S115. [Google Scholar] [CrossRef]

	



Lin, W.; Duan, G.; Xie, J.; Shao, J.; Wang, Z.; Jiao, B. Comparison of Results Between Posterior Fossa Decompression with and without Duraplasty for the Surgical Treatment of Chiari Malformation Type I: A Systematic Review and Meta-Analysis. World Neurosurg. 2018, 110, 460–474.e5. [Google Scholar] [CrossRef]

	



Tubbs, R.S.; Bui, C.J.; Rice, W.C.; Loukas, M.; Naftel, R.P.; Holcombe, M.P.; Oakes, W.J. Critical analysis of the Chiari malformation Type I found in children with lipomyelomenin-gocele. J. Neurosurg. 2007, 106 (Suppl. 3), 196–200. [Google Scholar]

	



Sgouros, S. Acquired Chiari I malformation in a child with corrected diastematomyelia disappeared after thickened filum division. Pediatr. Neurosurg. 2010, 46, 402–405. [Google Scholar] [CrossRef]

	



Talamonti, G.; D’Aliberti, G.; Nichelatti, M.; Debernardi, A.; Picano, M.; Redaelli, T. Asymptomatic lipomas of the medullary conus: Surgical treatment versus conservative management. J. Neurosurg. Pediatr. 2014, 14, 245–254. [Google Scholar] [CrossRef]

	



Massimi, L.; Peraio, S.; Peppucci, E.; Tamburrini, G.; Di Rocco, C. Section of the filum terminale: Is it worthwhile in Chiari type I malformation? Neurol. Sci. 2011, 32, 349–351. [Google Scholar] [CrossRef]

	



Rauzzino, M.; Oakes, W.J. Chiari II malformation and syringomyelia. Neurosurg. Clin. N. Am. 1995, 6, 293–309. [Google Scholar] [CrossRef]

	



Tubbs, R.S.; Loukas, M.; Shoja, M.M.; Oakes, W.J. Observations at the craniocervical junction with simultaneous caudal traction of the spinal cord. Child’s Nerv. Syst. 2007, 23, 367–369. [Google Scholar] [CrossRef]

	



De Vloo, P.; Monea, A.G.; Sciot, R.; van Loon, J.; Van Calenbergh, F. The Filum Terminale: A Cadaver Study of Anatomy, Histology, and Elastic Properties. World Neurosurg. 2016, 90, 565–573. [Google Scholar] [CrossRef]

	



Milano, J.B.; Barcelos, A.C.E.S.; Onishi, F.J.; Daniel, J.W.; Botelho, R.V.; Dantas, F.R.; Neto, E.R.; de Freitas Bertolini, E.; Mudo, M.L.; Brock, R.S. The effect of filum terminale sectioning for Chiari 1 malformation treatment: Systematic review. Neurol. Sci. 2020, 41, 249–256. [Google Scholar] [CrossRef]

	



Marianayagam, N.J.; Chae, J.K.; Hussain, I.; Cruz, A.; Baaj, A.A.; Härtl, R.; Greenfield, J.P. Increase in clivo-axial angle is associated with clinical improvement in children undergoing occipitocervical fusion for complex Chiari malformation: Patient series. J. Neurosurg. Case Lessons 2021, 2, CASE21433. [Google Scholar] [CrossRef]

	



Menezes, A.H. Decision making. Childs. Nerv. Syst. 2008, 24, 1147–1153. [Google Scholar] [CrossRef]

	



Goel, A. Is atlantoaxial instability the cause of Chiari malformation? Outcome analysis of 65 patients treated by atlantoaxial fixation. J. Neurosurg. Spine 2015, 22, 116–127. [Google Scholar] [CrossRef]

	



Kweh, B.T.S.; Tee, J.W.; Muijs, S.; Oner, F.C.; Schnake, K.J.; Benneker, L.M. Variations in management of A3 and A4 cervical spine fractures as designated by the AO Spine Subaxial Injury Classification System. J. Neurosurg. Spine 2021, 36, 99–112. [Google Scholar] [CrossRef]

	



Macki, M.; Hamilton, T.; Pawloski, J.; Chang, V. Occipital fixation techniques and complications. J. Spine Surg. 2020, 6, 145–155. [Google Scholar] [CrossRef]








[image: Jcm 12 02853 g001 550] 





Figure 1. Schematic drawing of treatment for CM-1. The first line shows the initial surgical plan. The following lines describe the management of FMD failures. Postoperative complications and improper techniques were treated “ad hoc”. In the event of postoperative instability, craniocervical fixation was also performed. FMD = foramen magnum decompression; FMD-WDA = foramen magnum decompression without dural augmentation. 
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Figure 2. This 48-year-old man complained of an invalidating Valsalva-related headache. (A) Preoperative MRI, T2-weight, sagittal view showing a CM-1.5. Osteodural decompression was performed, and the arachnoid was accidentally violated. The dural sac was repaired using biological graft and fibrin glue. (B) Postoperative MRI, T2-weight, sagittal view showing a deep extradural pseudomeningocele that was not evident at skin level. Conservative treatment was attempted at first. The headache continued to worsen, especially in orthostatism, and 4 months later, he underwent reoperation for duraplasty using autologous fascia lata. (C) Follow-up MRI, T2-weight, sagittal view obtained 9 months after reoperation. There was no evidence of CSF collection; however, the orthostatic pain improved, but the headache did not yet resolve. Adhesions may have developed between the autologous graft and the cerebellum (red arrow). A further surgical procedure was offered, but was refused by the patient. The final CCOS score was 12. 
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Figure 3. This 41-year-old woman had undergone bone decompression alone. Over the next 8 years, her headache recurred and progressively worsened. She also complained of dizziness and bouts of diplopia. (A) Preoperative MRI, T2-weight, sagittal view showing the bone decompression with scarce CSF film around the CM-1. (B) Intraoperative picture showing a thick and hard extradural fibrous scar that was maintaining the compression. (C) Intraoperative picture following dural opening with intact arachnoid. The dural sac was repaired using biologic graft. (D) Follow-up MRI, T2-weight, sagittal view obtained 6 months later showing the CM-1 was well bathed in CSF. Preoperative symptoms were almost completely resolved. The final CCOS score was 14. 
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Figure 4. This 64-year-old woman had been treated with osteodural decompression, leaving C1 intact. One year later, she was referred to us for severe nocturnal breathing disturbances and mild quadriparesis. (A) Preoperative MRI, T2-weight, sagittal view, showing a small craniectomy with C1 still maintaining a significant obliteration of the arachnoid space (red arrow). A wide syringomyelia was evident. You will notice a marked skin retraction over the craniectomy (yellow arrow). (B) Intraoperative picture showing an “arc” incision and the skin retraction. The reoperation consisted of C1 laminectomy, tonsillectomy, and dural sac augmentation. (C) Postoperative MRI, T2-weight, sagittal view showing a relatively large subarachnoid space and initial syrinx shrinkage. There was mild local cerebellar edema owing to the tonsillectomy. An asymptomatic pseudomeningocele was also evident, which resolved spontaneously within a couple of weeks. Since the first postoperative period, breathing disturbances have significantly improved, whereas quadriparesis improvement has been slower. The final CCOS score was 10. 
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Figure 5. This 29-year-old woman had undergone osteodural decompression without laminectomy. One year later, she was admitted to our department with an untreatable persistent hiccup responsible for difficult alimentation, invalidating headache, dizziness, tinnitus, fever, rigor nucalis, and diffuse asthenia. An infection was suspected, but was ruled out. (A) Preoperative MRI, T2-weight, sagittal view showing a relatively wide craniectomy with C1 (red arrow) still compressing the arachnoid space, and a scarce presence of CSF around the CM-1. She underwent laminectomy and dural sac augmentation. (B) Intraoperative picture depicting a diffuse, tight adherence between the dural graft and the parenchyma. To replace the graft, a meticulous dissection was necessary. Finally, the dural sac was repaired with a synthetic graft. (C) Postoperative MRI, T2-weight, sagittal view showing a well-bathed CM-1. An asymptomatic pseudomeningocele was detected. This remained completely asymptomatic, even though it was still evident (but reduced) 6 months later. One year after the reoperation, the patient reported sporadic headache bouts, but had no other symptoms. The final CCOS score was 13. 
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Figure 6. This 43-year-old woman had undergone osteodural decompression and craniocervical fixation. Six months later, she was referred to us due to progressively worsening swallowing disturbances, severe weight loss, asthenia, and marked continuous occipital pain. (A) Preoperative CT-scan, sagittal reconstruction showing a relatively wide bone decompression and a basilar impression with a quite acute clivo-axial angle (red arrow). Under neurophysiologic and radiologic monitoring, the patient underwent the removal of the fixation device and cranial traction. The basilar impression could be reduced, which made the planned procedure of odontoidectomy unnecessary. New craniocervical fixation devices were placed to maintain the new position. (B) Follow-up CT-scan, sagittal reconstruction, obtained one year later, showing resolution of the basilar impression (green arrow). The swallowing problems almost completely went away, and the headache got better, but the asthenia stayed. The final CCOS score was 10. 
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Table 1. Main features of 34 patients undergoing reoperation for Chiari Malformation.
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Previous Treatment

	
Clinical

Manifestations

	
Cause of

Reoperation

	
Treatment

	
Outcome *




	

	

	

	

	

	
Improvement

	
No Change

	
Worsening

	
Death






	
Gr. 1A

8 pts

	
8

FMD + DA

	
1

neck pain, wound

swelling

	
1

extradural clot

	
excision

	
1

(14)

	

	

	




	
2

CSF-fistula

	
2

failed

dural repair

	
dural repair

	
2

(13-13)

	

	

	




	
5

PSMC

	
5

failed

dural repair

	
dural repair/graft

substitution,

later VPS

	
2

(13-13)

	
3

(12-12-10)

	

	




	
Gr. 1B

7 pts

	
4

FMD-WDA

	
4

symptom

recurrence

	
4

failed

extradural FMD

	
dural sac

augmentation

	
4

(14-13-13-13)

	

	

	




	
3

FMD + DA

	
2

symptom

recurrence

	
2

inadequate CSF flow (cine-MRI) arachnoiditis

	
arachnoid

dissection

tonsillectomy

	
1

(13)

	
1

(10)

	

	




	
1

symptom

recurrence,

syrinx

progression

	
1

unknown cause

(arachnoiditis?)

	
arachnoid

dissection

tonsillectomy

later ETV, VPS, SPS

	

	

	
1

(4)

	




	
Gr. 2A

8 pts

	
8

EDS-FT

	
6

symptom

recurrence

2

symptom

recurrence,

syrinx

progression

	
8

improper

treatment

	
FMD + DA

	
6

(14-14-13-13-13-13)

	
2

(11-10)

	

	




	
Gr. 2B

11 pts

	
3

FMD-WDA

	
3

symptom

recurrence

	
3

failed

extradural FMD

	
dural sac

augmentation

	
2

(14-13)

	
1

(12)

	

	




	
3

FMD + DA with

C1 intact

	
2

symptom

recurrence

1

symptom

recurrence,

syrinx

progression

	
3

compression by C1

	
C1

laminectomy,

intradural

exploration,

tonsillectomy (in 1 case)

	

	
3

(12-10-10)

	

	




	
2

FMD + DA

	
1

symptom

recurrence

1

symptom

recurrence,

syrinx

progression

	
2

foreign body reaction/arachnoiditis

	
dural graft

substitution,

arachnoid

dissection,

tonsillectomy (in 1 case)

	
1

(13)

	

	

	
1

(4)




	
1

FMD + DA,

cranio-cervical fixation

	
1

symptom

recurrence

	
1

mis-recognized basilar

impression

	
impression

reduction by

traction,

new fixation

	

	
1

(10)

	

	




	

	
1

FMD-DA

	
1

symptom

recurrence

	
1

limited

craniectomy

	
osteodural

decompression

	
1

(13)

	

	

	




	
1

FMD + DA, fixation, odontoidectomy

	
1

symptom

recurrence,

syrinx

progression

	
1

limited craniectomy

	
osteodural

decompression,

tonsillectomy

	

	

	

	
1

(4)




	
total

	
34

	

	
34

	

	
20

58.8%

	
11

32.3%

	
1

2.9%

	
2

5.9%








FMD + DA = foramen magnum decompression + dural augmentation; FMD-WDA = foramen magnum decompression without dural augmentation; CSF = cerebrospinal fluid; PSMC = pseudomeningocele; OBDA = occipital bone decompression alone; EDS-FT = extradural section filum terminale; MRI = magnetic resonance imaging; ETC = endoscopic third ventriculostomy; VPS = ventriculoperitoneal shunting; SPS = syringoperitoneal shunting; C1 = atlas. * The number of patients is reported in bold; the numbers in parentheses represent the CCOS score for each patient [15,16].
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Table 2. Comparison between the outcomes of first-time and second-time surgeries. FMD = foramen magnum decompression; QOL = quality of life; CCOS = Chicago Chiari Outcome Scale [15,16].
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Improved QOL

(CCOS 13–16)

	
Unchanged

QOL

(CCOS 10–12)

	
Worsened/Dead

QOL

(CCOS 4–9)

	






	
First-time FMD

98 pts

	
87

(88.7%)

	
10

(10.2%)

	
1

(1.1%)

	
p = 0.004

(significant)




	
Redo Surgery

34 pts

	
20

(58.8%)

	
11

(32.4%)

	
3

(8.8%)
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