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Key messages

 ► What neurological extrapulmonary complications are 
observed in a cohort of cystic fibrosis (CF) patients?

 ► CF patients can present with a range of different 
neurological events, with some having evidence of 
recent of remote ischaemia or infarction that is not 
consistent with a single vascular territorial stroke on 
MRI brain imaging.

 ► This is the first study to describe acute neurological 
events in individuals with CF that could be second-
ary to dysfunctional cell energetics.

AbstrAct
background Acute neurological events may present as 
an extrapulmonary complication in patients with cystic 
fibrosis (CF). These events can be secondary to a range of 
different aetiologies.
Methods A retrospective analysis of 476 medical records 
of CF patients attending a large teaching hospital between 
2000 and 2018 was performed. Patients presenting with 
acute neurological events who had MRI brain imaging were 
evaluated. Patients who had headaches without associated 
neurological symptoms were excluded from this analysis.
results Acute neurological presentations, excluding 
headaches without associated neurological symptoms, 
were reported in 27 index patients out of the 476 patients. 
Of these, 16 patients had MRI brain imaging for review. 
Three patients suffered pathology secondary to vascular 
events, both ischaemic and haemorrhagic; four patients 
had evidence of ischaemia or infarction not consistent 
with a vascular territory stroke and the remaining patients 
experienced a range of different neurological events. The 
most common presentation among these patients was 
seizure activity, followed by a transient motor or sensory 
deficit.
conclusions Neurological complications are recognised 
among individuals with CF. Although rare, they can be 
secondary to a range of different aetiologies, including 
dysfunctional cell energetics. Additional studies are 
required to further evaluate this association.

bAckground
Cystic fibrosis (CF) is characterised by chronic 
infection and inflammation and is attributed 
to dysfunction of the cystic fibrosis trans-
membrane conductance regulator (CFTR) 
protein.1 It is a multisystem disease with the 
major cause of morbidity and mortality being 
secondary to mucus accumulation, airway 
obstruction and bronchiectasis leading to 
respiratory failure.2 Orally active gene modu-
lator therapy has the potential for altering 
disease progression. However, these agents 
are not currently suitable for all CF geno-
types and so many patients ultimately will still 
require lung transplantation.3 Depending on 
genotype, individuals with CF also experience 
a range of extrapulmonary manifestations 

that significantly add to morbidity.4 5 As CF 
patients experience longer life expectancy, 
extrapulmonary disease requires greater 
consideration.6

Of the extrapulmonary presenta-
tions, neurological sequelae are less well 
described.7 8 Isolated case reports and small 
studies have identified neurological events 
related to vitamin deficiency; prolonged 
vitamin E deficiency leads to neurological 
dysfunction9 10 and vitamin K deficiency can 
result in cerebral haemorrhage as a rare, early 
complication of CF.11 12 Paradoxical embolism 
has been reported in some patients resulting 
in stroke13 and instances of cough have led 
to altered consciousness and hemiplegic 
migraine.14 Interestingly, individuals with CF 
appear to have a higher risk of central nervous 
complications post lung transplantation.15 16

The CFTR protein has also been implicated 
in the regulation of mitochondrial func-
tion.17–21 This is of interest because a wide 
spectrum of neurological disease is attribut-
able to dysfunctional mitochondria.22 Among 
these include conditions where acute neuro-
logical events (stroke-like syndromes) occur 
in young subjects,23 24 which are radiologically 
distinct from ischaemic strokes.25 Acute inter-
ventions that may have therapeutic benefit 
in such incidences are available, including 
L-arginine.26
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Table 1 Baseline demographics

Baseline demographics n=27/476

Number with MRI brain imaging for 
review

16

Age (mean, years) 37.1 (23–51)

Male 9 (56.3%)

Genotype

F508del homozygous 9 (56.25%)

F508del+ another mutation 3 (18.75%)

Other mutations 2 (12.5%)

Heterozygote (F508del/unknown*) 2 (12.5%)

Lung function

Mean percentage predicted FEV1 
(forced expiratory volume in 1 s)

43.3% (22-83)

Mean percentage predicted FVC 
(forced vital capacity)

59.6% (39-93)

*Both patients presenting prior to extended genotype testing but 
with elevated sweat chloride levels and classic CF symptoms.
CF, cystic fibrosis.

Table 2 Intracerebral injury secondary to underlying comorbidity

Subject Presentation MRI brain findings Underlying comorbidity

1 Expressive dysphasia, facial 
paralysis

T2 hyperintensities in left 
corona radiata extending to left 
lentiform nucleus with associated 
susceptibility artefact without 
diffusion restriction

Hypertension, diabetes 
mellitus

2 Delayed presentation of 
a ‘thunderclap’ headache 
associated with diplopia and 
ataxia

T2 hyperintensities in right MCP 
cavernoma with minimal oedema. 
Scattered T1 hyperintensities. 
Intracerebral haemorrhage

Right MCP cavernoma

3 Grand mal seizure and 
occipital headache

Low attenuation in left middle 
temporal lobe. Right MFG 
microhaemorrhage

Right MFG cavernoma

MCP, middle cerebellar peduncle; MFG, middle frontal gyrus; T1, T1-weighted images; T2, T2-weighted images.

This report details imaging findings in a single-centre 
experience with acute neurological events seen in CF 
patients.

Methods
A retrospective review of the clinical records of 476 
patients with CF treated in a university teaching hospital 
between 2000 and 2018 was undertaken. These were the 
total number of patients managed by the CF service over 
this time period whose notes and images were readily 
available. Of these patients, 27 index patients were 
identified that had experienced various neurological 
events. Patients with headaches as their only neurolog-
ical symptom were excluded from this analysis. MRI brain 
scans, performed within the same hospital, were available 
for review on 16 subjects. Low risk ethics was approved 

for this study by the Alfred Ethics Committee: project 
number 123/9.

Patient and public involvement
Patients and the public were not involved in the design, 
conduct or reporting or this research. There were no 
time or funds allocated for patient and public involve-
ment and so the study was unable to involve them.

results
The CF individuals within this retrospective cross-sec-
tional case-review study experienced a range of neuro-
logical events. The baseline demographic data are shown 
in table 1. Some of these subjects were identified as 
having intracerebral pathology consistent with under-
lying vascular events. The vascular events occurring 
within this cohort included intracerebral haemorrhage 
and ischaemic strokes. The results for these patients are 
described in table 2.

There were four subjects who had evidence of recent 
or remote ischaemia or infarction not consistent with a 
single vascular territorial stroke on MRI brain imaging. 
These results are described in table 3. The MRI brain 
imaging from two of these patients who had imaging 
that did not fit a vascular territory stroke are shown in 
figures 1 and 2.

The remaining patients presenting with other condi-
tions are described in table 4.

Subject 4 who has clear evidence of cerebral isch-
aemia crossing more than one vascular territory has 
presented on multiple occasions with neurological defi-
cits. The initial (figure 1A,B) and latest MRI brain images 
(figure 1C,D) are included and demonstrate signal 
change in the precentral and postcentral gyrus on the 
right. This would be consistent with recurrent neurolog-
ical events in mitochondrial disease.

discussion
Our study examined the abnormal findings on MRI brain 
imaging in a small cohort of CF patients presenting with 
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Table 3 MRI findings in primary cerebral injury

Subject Presentation MRI brain findings

4 Grand mal seizure with left sided motor 
deficit and cognitive impairment

Bilateral frontoparietal and right tempero-
occipital FLAIR, T2 and DWI changes.

5 Cerebellar tremor Periventricular white matter bilateral T2/FLAIR 
hyperintensities

6 Facial numbness Bilateral peritrigonal white matter T2 
hyperintensity

7 Left sided motor deficit with ataxia and 
VIth nerve palsy

T2 hyperintensity in the corona radiata

DWI, diffusion-weighted intensity; FLAIR, fluid-attenuated inversion recovery image.

Figure 1 MRI brain images of case 4, one of the patients 
presenting with neurological events, which were not 
consistent with a single vascular territory stroke—initial 
presentation: two images (1) T2-weighted image: precentral 
and postcentral gyrus ischaemia (A). (2) Diffusion-weighted 
image: precentral and postcentral gyrus ischaemia (B). 
Subsequent presentation: two images (1) diffusion-
weighted image: precentral and postcentral gyrus 
ischaemia (C). (2) FLAIR image: precentral and postcentral 
gyrus ischaemia (D). FLAIR, fluid-attenuated inversion 
recovery image.

Figure 2 MRI brain images of case 7, one of the patients 
presenting with neurological events, which were not 
consistent with a single vascular territory stroke—two 
images (1) diffusion weighted (A) and (2) FLAIR images (B) 
subtle changes seen in the corona bilaterally. FLAIR, fluid-
attenuated inversion recovery image.

neurological events, including seizure activity or stroke-
like events.

Impairment of central nervous system activity in CF 
may be attributable to hypoxia,27 vitamin E or K defi-
ciency,9–12 antibiotic adverse effects,28 fluid depletion/
imbalance,29 use of psychotropic agents,30 stroke from 
paradoxical emboli13 or other causes. A cause for the 
neurological presentations in this report, based on clin-
ical presentation and investigations, were identified in 
12 out of the 16 patients who had available imaging for 
review. Seizures were the most common presentation, 
followed by localised motor or sensory deficits. The 
majority of these events were transient episodes. There 
was no identifiable precipitating event in any of the cases 
of unknown cause.

Brain injury in healthy adults with CF has been identi-
fied in case reports.31 In this retrospective study, lesions 
thought to be consistent with ischaemia were seen in the 

hippocampus, occipital cortex, posterior thalamus and 
parietal cortex. Behavioural and cognitive defects have 
been reported in CF and are consistent with possible 
involvement of these areas.27 32

The CFTR protein has been identified in human 
brain tissue33 and its expression may be conditional on 
local factors.34 It was initially thought that CFTR expres-
sion was localised to the hippocampus but in fact there 
is evidence of widespread expression throughout the 
human brain. However, in humans this appears to be only 
within neuronal cells, and not in astrocytes or radial glial 
cells.33 35 Although animal models have found evidence 
of CFTR in both microglia and Schwann cells.36 37 The 
CFTR protein is involved in various functions, including 
neuronal development38 and neuronal cell apoptosis, 
with reduced neuronal CFTR protein function associated 
with mitochondrial oxidative stress.39

CFTR is a complex protein and is a member of the 
subclass C family of the ATP binding cassette transporter 
proteins. It consists of two membrane-spanning domains 
that function as the ion channel, each connected to two 
nucleotide-binding domains (NBD1 and NBD2) to which 
ATP binds, and a regulatory domain (RD). Phosphoryla-
tion of the RD together with ATP binding to the NBDs 
is required for channel opening to occur.4 It functions 
as a chloride and bicarbonate channel but also regulates 
several other functions within the cell. Neuronal activity 
is modulated by the transport of anions and thus the 
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Table 4 Other neurological presentations in CF patients resulting from a range of aetiologies

Subject Presentation MRI brain findings Diagnosis

8 Left sided motor deficit and 
tonic left sided seizure

T2 hyperintensity in the PVWM, 
posterior pons and MCP

Multiple sclerosis

9 Syncopal episode while 
undergoing haemodialysis

Diffuse cerebral oedema Dialysis disequilibrium 
syndrome

10 Reduced conscious level 
requiring intubation

No focal intracerebral abnormality Metabolic lactic acidosis and 
hyperammonemia

11 Atypical seizure with reduced 
consciousness

No focal intracerebral abnormality Drug reaction to ceftazidime

12 Grand mal seizure No focal intracerebral abnormality Epilepsy

13 Fall with loss of consciousness Scattered supratentorial 
white matter changes, likely 
representing chronic small vessel 
disease

Vasovagal syncope secondary 
to dehydration

14 Tonic clonic seizure T2 hyperintensity in the 
periventricular white matter

Isolated seizure

15 Vertigo, tinnitus and dysphasia Multiple T2 hyperintensity 
punctate lesions

Sinusitis and dehydration

16 Grand mal seizure. Right 
upper limb and left lower limb 
paraesthesia

Focal right occipital cortex 
and subcortical T2/FLAIR 
hyperintensity with T1 hypointense 
lesion

Epilepsy

FLAIR, fluid-attenuated inversion recovery image; MCP, middle cerebellar peduncle; PVWM, periventricular white matter.

transport of chloride by CFTR within the cells could have 
implications for neuronal excitability.

Prior to the discovery that CFTR was a chloride 
channel, several studies highlighted a variety of mito-
chondrial abnormalities in CF, including dysfunctional 
mitochondrial calcium uptake.40–44 The functions of 
the CFTR protein and cell mitochondria appear to be 
intrinsically linked; some mitochondrial proteins are 
encoded by CFTR-dependent genes that are downregu-
lated in CF.20 21 These include MT-ND4 and CISD1, with 
the MT-ND4 protein being a subunit of the respiratory 
chain complex I within the mitochondria.19 Interestingly 
MT-ND4 is associated with the human mitochondrial 
encephalomyopathy Leber’s hereditary optic neuropathy 
and mesial temporal lobe epilepsy.22 45 Human mitochon-
drial encephalomyopathies are a heterogenous group of 
diseases, which due to the complexities of mitochondrial 
genetics are not completely understood.22 They have an 
impact on the mitochondria and cell energetics, which is 
also seen in CF.17 Also included within this group is mito-
chondrial encephalomyopathy, lactic acidosis and stroke-
like episodes (MELAS) syndrome, which can give rise to 
early stroke-like episodes with the potential to develop 
progressive muscular weakness, lactic acidosis, cognitive 
dysfunction, seizures, encephalopathy and premature 
death.46 As individuals with CF may have dysfunctional 
cell energetics, and early stroke-like events and seizures 
can occur secondary to mitochondrial abnormalities, the 
pathology of some of the patients presented are consis-
tent with those which occur in mitochondrial encepha-
lopathies such as MELAS. Also, of note is that individuals 

with CF have an increased incidence of neurological 
complications post lung transplantation when compared 
with other lung transplant recipients.15 16 The calcineurin 
inhibitors, particularly tacrolimus, are commonly used as 
part of the immunosuppressive regimen post lung trans-
plantation.47 48 Tacrolimus alters mitochondrial calcium 
uptake and uncouples oxidative phosphorylation.49–51 
The combination of altered mitochondrial function 
secondary to the downregulated CFTR protein and the 
effect of calcineurin inhibitors on an organ with high 
oxidative demands such as the brain, could explain the 
increased neurological events in these patients.

The importance of this case series in individuals with 
CF is that some of these neurological events may be 
amenable for treatment. L-arginine is a recognised treat-
ment for MELAS, and this therapy may be of benefit for 
some individuals with CF who present with acute neuro-
logical events.26 Further evaluation is required to assess 
this therapy within the CF cohort.

contributors JW, TK, DK, RS and DT devised the project with JW supervising. 
FF collected the data. SE and DT reviewed and analysed the imaging. CR and JW 
wrote the manuscript. All authors discussed the results and commented on the 
manuscript.

Funding The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not-for-profit sectors.

competing interests None declared.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

data availability statement All data relevant to the study are included in the 
article or uploaded as supplementary information.



Ellis S, et al. BMJ Open Resp Res 2019;6:e000456. doi:10.1136/bmjresp-2019-000456 5

Open access

open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

RefeRenCes
 1. Goss CH, Ratjen F. Update in cystic fibrosis 2012. Am J Respir Crit 

Care Med 2013;187:915–9.
 2. Elborn JS. Cystic fibrosis. The Lancet 2016;388:2519–31.
 3. Ramsey BW, Welsh MJ. AJRCCM: 100-Year anniversary. progress 

along the pathway of discovery leading to treatment and cure of 
cystic fibrosis. Am J Respir Crit Care Med 2017;195:1092–9.

 4. Ratjen F, Bell SC, Rowe SM, et al. Cystic fibrosis. Nat Rev Dis 
Primers 2015;1.

 5. Ong T, Ramsey BW. Update in cystic fibrosis 2014. Am J Respir Crit 
Care Med 2015;192:669–75.

 6. Weill D, Benden C, Corris PA, et al. A consensus document for 
the selection of lung transplant candidates: 2014--an update from 
the Pulmonary Transplantation Council of the International Society 
for Heart and Lung Transplantation. J Heart Lung Transplant 
2015;34:1–15.

 7. Reznikov LR. Cystic fibrosis and the nervous system. Chest 
2017;151:1147–55.

 8. Liou TG. The clinical biology of cystic fibrosis transmembrane 
regulator protein: its role and function in extrapulmonary disease. 
Chest 2019;155:605–16.

 9. Willison HJ, Muller DP, Matthews S, et al. A study of the relationship 
between neurological function and serum vitamin E concentrations 
in patients with cystic fibrosis. J Neurol Neurosurg Psychiatry 
1985;48:1097–102.

 10. Cynamon HA, Milov DE, Valenstein E, et al. Effect of vitamin E 
deficiency on neurologic function in patients with cystic fibrosis. J 
Pediatr 1988;113:637–40.

 11. Hamid B, Khan A. Cerebral hemorrhage as the initial manifestation of 
cystic fibrosis. J Child Neurol 2007;22:114–5.

 12. Mérelle ME, Griffioen RW, Dankert-Roelse JE. Cystic fibrosis 
presenting with intracerebral haemorrhage. Lancet 2001;358.

 13. Sritippayawan S, MacLaughlin EF, Woo MS. Acute neurological 
deficits in a young adult with cystic fibrosis. Pediatr Pulmonol 
2003;35:147–51.

 14. Rao DS, Infeld MD, Stern RC, et al. Cough-Induced hemiplegic 
migraine with impaired consciousness in cystic fibrosis. Pediatr 
Pulmonol 2006;41:171–6.

 15. Goldstein AB, Goldstein LS, Perl MK, et al. Cystic fibrosis patients 
with and without central nervous system complications following 
lung transplantation. Pediatr Pulmonol 2000;30:203–6.

 16. Živković SA, Jumaa M, Barišić N, et al. Neurologic complications 
following lung transplantation. J Neurol Sci 2009;280:90–3.

 17. Atlante A, Favia M, Bobba A, et al. Characterization of mitochondrial 
function in cells with impaired cystic fibrosis transmembrane 
conductance regulator (CFTR) function. J Bioenerg Biomembr 
2016;48:197–210.

 18. Kelly M, Trudel S, Brouillard F, et al. Cystic fibrosis transmembrane 
regulator inhibitors CFTR(inh)-172 and GlyH-101 target 
mitochondrial functions, independently of chloride channel inhibition. 
J Pharmacol Exp Ther 2010;333:60–9.

 19. Valdivieso AG, Clauzure M, Marín MC, et al. The mitochondrial 
complex I activity is reduced in cells with impaired cystic fibrosis 
transmembrane conductance regulator (CFTR) function. PLoS One 
2012;7:e48059.

 20. Valdivieso AG, Santa-Coloma TA. Cftr activity and mitochondrial 
function. Redox Biol 2013;1:190–202.

 21. Valdivieso Ángel G., Marcucci F, Taminelli G, et al. The expression of 
the mitochondrial gene MT-ND4 is downregulated in cystic fibrosis. 
Biochem Biophys Res Commun 2007;356:805–9.

 22. DiMauro S, Schon EA, Carelli V, et al. The clinical maze of 
mitochondrial neurology. Nat Rev Neurol 2013;9:429–44.

 23. Goodfellow JA, Dani K, Stewart W, et al. Mitochondrial myopathy, 
encephalopathy, lactic acidosis and stroke-like episodes: an 
important cause of stroke in young people. Postgrad Med J 
2012;88:326–34.

 24. Guo Y, Guo Z, Chen L, et al. Clinical, pathologic and genetic studies 
on mitochondrial myopathy, encephalopathy, lactic acidosis and 
stroke-like episodes. Chinese medical journal 1997;110:851–5.

 25. Li R, Xiao H-F, Lyu J-H, et al. Differential diagnosis of mitochondrial 
encephalopathy with lactic acidosis and stroke-like episodes 
(MELAS) and ischemic stroke using 3D pseudocontinuous arterial 
spin labeling. J Magn Reson Imaging 2017;45:199–206.

 26. Koga Y, Akita Y, Nishioka J, et al. L-arginine improves the symptoms 
of strokelike episodes in MELAS. Neurology 2005;64:710–2.

 27. Dobbin CJ, Bartlett D, Melehan K, et al. The effect of infective 
exacerbations on sleep and neurobehavioral function in cystic 
fibrosis. Am J Respir Crit Care Med 2005;172:99–104.

 28. Conway SP, Pond MN, Watson A, et al. Intravenous colistin 
sulphomethate in acute respiratory exacerbations in adult patients 
with cystic fibrosis. Thorax 1997;52:987–93.

 29. Holland AE, Wilson JW, Kotsimbos TC, et al. Metabolic alkalosis 
contributes to acute hypercapnic respiratory failure in adult cystic 
Fibrosis*. Chest 2003;124:490–3.

 30. Mc Ewan FA, Hodson ME, Simmonds NJ. The prevalence of “risky 
behaviour” in adults with cystic fibrosis. Journal of Cystic Fibrosis 
2012;11:56–8.

 31. Woo M, Tummala S, Afshar K, et al. Brain Injury in healthy adult CF 
homozygous F508del patients. In: Pediatric pulmonology. USA: 
Wiley-blackwell, 2015.

 32. Duff AJA, Abbott J, Cowperthwaite C, et al. Depression and anxiety 
in adolescents and adults with cystic fibrosis in the UK: a cross-
sectional study. Journal of Cystic Fibrosis 2014;13:745–53.

 33. Guo Y, Su M, Su M, et al. Expression and distribution of cystic 
fibrosis transmembrane conductance regulator in neurons of the 
spinal cord. J Neurosci Res 2009;87:3611–9.

 34. Ott CJ, Blackledge NP, Leir S-H, et al. Novel regulatory mechanisms 
for the CFTR gene. Biochem Soc Trans 2009;37:843–8.

 35. Mulberg AE, Weyler RT, Altschuler SM, et al. Cystic fibrosis 
transmembrane conductance regulator expression in human 
hypothalamus. Neuroreport 1998;9:141–4.

 36. Liu GJ, Kalous A, Werry EL. Purine release from spinal cord 
microglia after elevation of calcium by glutamate. Mol Pharmacol 
2006;70:851–9.

 37. Reznikov LR, Dong Q, Chen J-H, et al. CFTR-deficient pigs display 
peripheral nervous system defects at birth. Proc Natl Acad Sci U S A 
2013;110:3083–8.

 38. Marcorelles P, Friocourt G, Uguen A, et al. Cystic fibrosis 
transmembrane conductance regulator protein (CFTR) expression 
in the developing human brain: comparative immunohistochemical 
study between patients with normal and mutated CFTR. J 
Histochem Cytochem 2014;62:791–801.

 39. Zhang Y-P, Zhang Y, Xiao Z-B, et al. Cftr prevents neuronal apoptosis 
following cerebral ischemia reperfusion via regulating mitochondrial 
oxidative stress. J Mol Med 2018;96:611–20.

 40. Shapiro B. Mitochondrial dysfunction, energy expenditure, and 
cystic fibrosis. The Lancet 1988;332.

 41. Shapiro BL. Evidence for a mitochondrial lesion in cystic fibrosis. 
Life Sci 1989;44:1327–34.

 42. Feigal RJ, Tomczyk MS, Shapiro BL. The calcium abnormality in 
cystic fibrosis mitochondria: relative role of respiration and ATP 
hydrolysis. Life Sci 1982;30:93–8.

 43. Antigny F, Girardin N, Raveau D, et al. Dysfunction of mitochondria 
Ca2+ uptake in cystic fibrosis airway epithelial cells. Mitochondrion 
2009;9:232–41.

 44. von Ruecker AA, Bertele R, Harms HK. Calcium metabolism and 
cystic fibrosis: mitochondrial abnormalities suggest a modification of 
the mitochondrial membrane. Pediatr Res 1984;18:594–9.

 45. Gurses C, Azakli H, Alptekin A, et al. Mitochondrial DNA profiling 
via genomic analysis in mesial temporal lobe epilepsy patients with 
hippocampal sclerosis. Gene 2014;538:323–7.

 46. Scaglia F, Northrop JL. The mitochondrial myopathy encephalopathy, 
lactic acidosis with??Stroke-Like Episodes (MELAS) Syndrome. CNS 
Drugs 2006;20:443–64.

 47. Scheffert JL, Raza K. Immunosuppression in lung transplantation. J 
Thorac Dis 2014;6:1039–53.

 48. Kotsimbos T, Williams TJ, Anderson GP. Update on lung 
transplantation: programmes, patients and prospects. Eur Respir 
Rev 2012;21:271–305.

 49. Lombardi A, Trimarco B, Iaccarino G, et al. Impaired mitochondrial 
calcium uptake caused by tacrolimus underlies beta-cell failure. Cell 
Commun Signal 2017;15.

 50. Simon N, Morin C, Urien S, et al. Tacrolimus and sirolimus decrease 
oxidative phosphorylation of isolated rat kidney mitochondria. Br J 
Pharmacol 2003;138:369–76.

 51. Illsinger S, Göken C, Brockmann M, et al. Effect of tacrolimus 
on energy metabolism in human umbilical endothelial cells. Ann 
Transplant 2011;16:68–75.

http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1164/rccm.201301-0184UP
http://dx.doi.org/10.1164/rccm.201301-0184UP
http://dx.doi.org/10.1016/S0140-6736(16)00576-6
http://dx.doi.org/10.1164/rccm.201702-0266ED
http://dx.doi.org/10.1038/nrdp.2015.10
http://dx.doi.org/10.1038/nrdp.2015.10
http://dx.doi.org/10.1164/rccm.201504-0656UP
http://dx.doi.org/10.1164/rccm.201504-0656UP
http://dx.doi.org/10.1016/j.healun.2014.06.014
http://dx.doi.org/10.1016/j.chest.2016.11.009
http://dx.doi.org/10.1016/j.chest.2018.10.006
http://dx.doi.org/10.1136/jnnp.48.11.1097
http://dx.doi.org/10.1016/S0022-3476(88)80371-8
http://dx.doi.org/10.1016/S0022-3476(88)80371-8
http://dx.doi.org/10.1177/0883073807299957
http://dx.doi.org/10.1016/S0140-6736(01)06963-X
http://dx.doi.org/10.1002/ppul.10198
http://dx.doi.org/10.1002/ppul.20309
http://dx.doi.org/10.1002/ppul.20309
http://dx.doi.org/10.1002/1099-0496(200009)30:3&lt;203::AID-PPUL4&gt;3.0.CO;2-5
http://dx.doi.org/10.1016/j.jns.2009.02.308
http://dx.doi.org/10.1007/s10863-016-9663-y
http://dx.doi.org/10.1124/jpet.109.162032
http://dx.doi.org/10.1371/journal.pone.0048059
http://dx.doi.org/10.1016/j.redox.2012.11.007
http://dx.doi.org/10.1016/j.bbrc.2007.03.057
http://dx.doi.org/10.1038/nrneurol.2013.126
http://dx.doi.org/10.1136/postgradmedj-2011-130326
http://dx.doi.org/10.1002/jmri.25354
http://dx.doi.org/10.1212/01.WNL.0000151976.60624.01
http://dx.doi.org/10.1164/rccm.200409-1244OC
http://dx.doi.org/10.1136/thx.52.11.987
http://dx.doi.org/10.1378/chest.124.2.490
http://dx.doi.org/10.1016/j.jcf.2011.09.002
http://dx.doi.org/10.1016/j.jcf.2014.02.010
http://dx.doi.org/10.1002/jnr.22154
http://dx.doi.org/10.1042/BST0370843
http://dx.doi.org/10.1097/00001756-199801050-00028
http://dx.doi.org/10.1124/mol.105.021436
http://dx.doi.org/10.1073/pnas.1222729110
http://dx.doi.org/10.1369/0022155414546190
http://dx.doi.org/10.1369/0022155414546190
http://dx.doi.org/10.1007/s00109-018-1649-2
http://dx.doi.org/10.1016/S0140-6736(88)92591-3
http://dx.doi.org/10.1016/0024-3205(89)90389-5
http://dx.doi.org/10.1016/0024-3205(82)90640-3
http://dx.doi.org/10.1016/j.mito.2009.02.003
http://dx.doi.org/10.1203/00006450-198407000-00005
http://dx.doi.org/10.1016/j.gene.2014.01.030
http://dx.doi.org/10.2165/00023210-200620060-00002
http://dx.doi.org/10.2165/00023210-200620060-00002
http://dx.doi.org/10.1183/09059180.00006312
http://dx.doi.org/10.1183/09059180.00006312
http://dx.doi.org/10.1186/s12964-017-0203-0
http://dx.doi.org/10.1186/s12964-017-0203-0
http://dx.doi.org/10.1038/sj.bjp.0705038
http://dx.doi.org/10.1038/sj.bjp.0705038
http://dx.doi.org/10.12659/AOT.881868
http://dx.doi.org/10.12659/AOT.881868

	CNS imaging studies in cystic fibrosis patients presenting with sudden neurological events
	Abstract
	Background
	Methods
	Patient and public involvement

	Results
	Discussion
	References


