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Abstract t 

Objectiv e e 

Too determine the spectrum of presentation, including both clinical and biochemical 

abnormalities,, and the clinical course in a cohort of patients with complete mitochondrial 

trifunctionall protein (MTP) deficiency, a rare inborn error of mitochondrial fatty acid 

oxidationn (FAO). 

Stud yy desig n 

AA questionnaire was sent to the referring physicians from twenty-five unselected MTP-

deficientt patients. 

Result s s 

Twenty-onee patients could be included. Questionnaires about four patients were not 

returned.. Nine (43%) patients presented with rapidly progressive clinical deterioration; six 

off them (67%) of them had hypoketotic hypoglycemia. The remaining twelve patients 

presentedd with a much more insidious disease with non-specific chronic symptoms, 

includingg hypotonia (100%), cardiomyopathy (73%), failure to thrive, or peripheral 

neuropathy.. Ten patients (48%) presented in the neonatal period. Mortality was high 

(76%),, mostly attributable to cardiac involvement. Two patients who were diagnosed 

prenatallyy died despite treatment. 

Conclusio n n 

Completee MTP deficiency (MTPD) often presents with non-specific symptomatology, 

whichh makes clinical recognition difficult. Hypotonia and cardiomyopathy are common 

presentingg features, and the differential diagnosis of an infant with these signs should 

includee MTPD. In spite of early diagnosis and treatment, only a few patients with this 

conditionn have survived. 
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introduction n 

Mitochondriall FAO is an important energy-producing pathway in human beings, 

especiallyy during periods of prolonged fasting and exercise. The oxidation of fatty acids 

resultss in production of acetyl-coenzyme A (CoA) units that are used for adenosine 

triphosphatee (ATP) synthesis in peripheral tissues and for ketone body synthesis in the 

liver.. Ketone bodies that are exported from the liver can be used in all peripheral tissues, 

butt are preferentially used in the brain and heart. The initial steps in the p-oxidation of 

long-chainn fatty acids in mitochondria involve the activity of two proteins: very long-chain 

acyl-CoAA dehydrogenase and the mitochondrial trifunctional protein (MPT)1. MTP is a 

multienzymee complex composed of four a- and four p-subunits bound to the inner 

mitochondriall membrane. It carries three distinct enzyme activities: long-chain enoyl-CoA 

hydratasee (LCEH), long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD) and long-chain 

thiolasee activity23. The a-subunit harbors the LCHAD- and the long-chain enoyl-CoA 

hydratasee activity, whereas the b-subunit contains the long-chain thiolase activity. 

Thee biochemical diagnosis of MTPD is suggested by the demonstration of 3-hydroxy-

dicarboxylicc aciduria by gas-chromatography analysis. Specific abnormalities are also 

detectablee in the plasma or blood spot acylcarnitine profile by tandem mass spectrometry, 

dominatedd by the accumulation of 3-hydroxy C16:0-, C16:1-, C18:0- and C18:1-

acylcarnitines4'5.. The diagnosis is confirmed by enzyme measurement in cultured 

fibroblasts66 or lymphocytes7. 

Differentt biochemical phenotypes of MTPD can be recognized. In the first phenotype, 

calledd complete MTPDr all three MTP enzymes are deficient. Multiple private mutations in 

eitherr the a-subunit or p-subunit have been recognized7. In the second phenotype, the 

LCHADD enzyme is primarily affected, with only partial deficiency of the thiolase enzyme. 

Thiss condition is often classified as LCHAD deficiency (LCHADD). A common mutation has 

beenn identified in the a-subunit of the MTP, in the domain with LCHAD activity. In the 

majorityy of these LCHAD-deficient patients, at least one allele carries this point mutation 

(1528G>C)8,, which has not been detected in patients with complete MTPD. Finally, 

differentt combinations of partial defects of MTP enzymes have been described in a small 

numberr of cases9. Most of these cases are compound heterozygous for the 1528G>C 

mutation. . 

Sincee its first description in 1992, complete MTPD has been described in a total of 

approximatelyy twenty patients, mostly as isolated case reports. From these reports, it 

appearss that complete MTPD can be divided into two major clinical phenotypes: an early-
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onse tt  form * generall y presentin g wit h hypökëtöti c hypogiycaemi a and cardioTnyopathy*' 10, 
andd a less frequent  myopathi c form > presentin g in teenager s and adult s 1;f2. 

Nevertheless ;;  th e clinica l and biocheiinita l phenotyp e of complet e MTPp remain s poorl y 
defined ,, and littl e is know n a|ou t its natura l history . We attempte d to furthe r elucidate : 
thee clinica l and biochemica l spectru m of MtPD by collatin g dat a fro m a larg e cohor t of 
patients . . 
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Material ss  and method s 

Inn the last decade complete MTPD was established in twenty-five patients at the two 

referrall centers involved in this study {in the United Kingdom and the Netherlands). In all 

patientss complete MTPD was confirmed by enzyme analysis. Enzyme measurement of all 

threee MTP components {long-chain enoyl-CoA hydratase, LCHAD and long-chain thiolase) 

wass performed using previously described methods in lymphocytes7, if available, for rapid 

diagnosis,, and in fibroblasts6 in all patients. Screening for the 1528G>C mutation was 

performedd in all patients, using previously described methods8, 

AA questionnaire was sent to all thirteen referring physicians in charge of the twenty-five 

MTPP deficient patients. The questionnaire was designed to collect information on the 

pregnancy,, the clinical history and biochemical findings at time of diagnosis, the current 

treatment,, follow-up and present medical status. Returned questionnaires were 

anonymisedd by permanently removing names and dates of birth. All data were further 

analyzedd anonymously. 
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Result s s 

Patient s s 

Fromm a total of twenty-five patients on whom questionnaires were sent out, we included 

inn this study twenty-one patients with complete MTPD. Four patients could not be 

included,, because the questionnaires were not returned. Five patients were enzymatically 

studiedd in the United Kingdom (Manchester), all others in the Netherlands (Amsterdam). 

Thee twenty-one patients belonged to eighteen apparently unrelated fami-lies. The 

male/femalee ratio was 8:13. Nine patients had been reported previously6'3'6. Twelve 

patientss were white, five were Asian and three patients had a North-African ethnicity. 

Onee patient was of African, Caribbean-Asian and white ethnicity. 

Diagnosi s s 
Inn all patients the diagnosis of complete MTPD was confirmed by demonstrating 

deficiencyy of all three involved enzyme activities in cultured skin fibroblasts. The diagnosis 

wass established prenatally in two unrelated patients, because in both the family history 

wass strongly suggestive of a mitochondrial (3-oxidation defect. None of the twenty-one 

patientss was found to carry the 1528G>C mutation. 

Pregnanc yy and deliver y 

Thee mean gestational age at time of delivery was 36.5 weeks (range 31-40 weeks). Five 

outt of nineteen pregnancies for which data were available showed important maternal or 

fetall complications. In two pregnancies, the mother had hemolysis elevated liver enzymes 

andd low platelets (HELLP) syndrome. None of the mothers had acute fatty liver of 

pregnancyy (AFLP). Two other pregnancies were complicated by thyrotoxicosis. The birth 

weightt of eight of twenty patients (40%) on whom information was available, was below 

thee tenth percentile in relation to their gestational age. Seven out of the twenty-one 

patientss (33%) had at least one hypoglycemic episode during the neonatal period; four of 

thesee were small for gestational age (all < 2500grams). 

Clinica ll  presentatio n 
Thee median age at first presentation was three months (range, first day of life until three 

years).. Ten out of the twenty-one patients (48%) presented within the neonatal period 

(0-44 weeks of age), including the two patients who were diagnosed prenatally. One of 

thee prenatally diagnosed patients was born with signs of hydrops fetalis secondary to 
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cardiomyopathy,, which was already detected at the end of the second trimester by 

ultrasoundd surveillance. 

Ninee patients (43%) presented with a rapidly progressive course with an acute life-

threateningg event due to metabolic decompensation, often in association with cardiac 

failure.. The remaining twelve patients (57%) presented with a more insidious disease 

withh non-specific symptomatology, dominated by hypotonia and other signs of muscle 

involvement.. Mean age at presentation in the former group was sixty-three days (range 1 

day-144 months} and in the latter group 216 days (range 0 - 36 months). This difference 

betweenn both groups is statistically not significant (Student t test, P = .15). Table 1 

summarizess the presenting signs and symptoms of alt infants. 

Signss and symptom s 

Hypotonia a 

Muscularr cramps 

Lethargy y 

Cardiomyopathy y 

Arrhythmia a 

Liverr disease 

Cholestasis s 

Feedingg difficulties 

Failuree to thrive 

Absentt tendon reflexes 

Peripherall neuropathy 

Pigmentaryy retinopathy 

122 patient s presentin g wit h a slow 
insidiou ss diseas e 

number r 

9/9* * 

5/6* * 

4/7* * 

8/11* * 

1/10* * 

6/10* * 

1/8* * 

9/10* * 

7/10* * 

7/9* * 

7/10* * 

1/9* * 

percentage e 

100% % 

83% % 

57% % 

73% % 

10% % 

60% % 

13% % 

90% % 

70% % 

78% % 

70% % 

11% % 

99 patient s presentin g wit h rapidl y 
progressiv ee deterioratio n 

number r 

5/8* * 

0/9* * 

5/8* * 

1/7* * 

4/9* * 

1/7* * 

4/4* * 

1/7* * 

percentage e 

63* * 

0% % 

63% % 

14% % 

44% % 

14% % 

100% % 

14% % 

TableTable 1 -Signs and symptoms prior to and at diagnosis in all 21 MTP deficient pat iens 
** Number of patients on whom data were available 

Biochemica ll  data 
Rapidlyy progressive deterioration was always accompanied by lactic acidosis, often in 

combinationn with hypoglycemia. Six of seventeen patients had low calcium levels at 

presentation.. In one patient this hypocalcaemia was demonstrated to be due to 

hypoparathyroidism14.. The origin of the hypocalcaemia in the other five patients was 

unclear,, but there was complete recovery after calcium administration in all these cases. 
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Thee acylcarnitine profile revealed abnormalities characteristic of MTPD in all tested 

patients.. However, the abnormalities were occasionally very subtle. For instance, analysis 

off plasma acylcarnitines in two brothers presenting with the relatively mild phenotype 

consistingg of severe peripheral neuropathy revealed 3-hydroxy CI6:0-, C16:1-, C18:0-

andd C18:1-acylcarnitine concentrations only just above the normal range. The relevant 

biochemicall parameters at presentation are listed in table 2. 

Test t 

Glucosee (mmol /L) 

Lactatee (mmol/L) 

CK(U/L) ) 

ASATT (U/L) 

Ammoniaa (mmol/L) 

Totall carnitine 
(mmol/L) ) 

Acylcarnitines s 

Calciumm (mmol/L) 

Patienss presentin g 
insidiou ss diseas 

Patientss with 
abnormall values, 

nn (%) 

0/100 *(0) 

5/9** (56) 

3/3** (100) 

4/8** (50) 

2/8** (25) 

16** (17) 

6/6** 100 

4/10** (40) 

wit hh slow , 
e(n=12) ) 

Range e 

3.9-6.9 9 

3.5-7.5 5 

459-608 8 

86-479 9 

69-112 2 

7 7 

--
0.93-1.70 0 

Patient s s 
progres s s 

Patientss with 
abnormal l 

values,, n (%) 

6/9** (67) 

8/8** (100) 

4/5** (80) 

3/7** (43) 

6/7** (86) 

4/6** (67) 

6/6** (100) 

2/7** (29) 

Dresentin gg wi t 
vee deteriorat i 

Range e 

0.7-2.6 6 3.7-36 6 

2937-12,280 0 

271-2190 0 

140-503 3 

10-21 1 

--
1.29-1.86 6 

hh rapidl y 
onn (n=9) 

Normall Range 

3.5-7.0 0 

<2,0 0 

<150 0 

<65 5 

<60 0 

>25 5 

--
2.1-2.5 5 

TableTable 2 - Laboratory values at diagnosis in all 21 MTP-deficient patients 
**  Number of patients on whom data were available 

Clinica ll  outcom e 
Overalll mortality in this series of complete MTP patients was 76% (16 of 21). Eight of the 

ninee patients who presented with a rapidly progressive disorder died of cardiac 

complicationss within eight weeks of presentation. One of them was diagnosed prenatally 

withh complete MTPD and was started immediately after birth on frequent feedings. She 

suddenlyy presented with severe cardiomyopathy at three weeks of age and died of 

cardiacc failure within twenty-four hours. The ninth patient in this group died of liver 

failure,, four weeks after clinical presentation. In the group of twelve patients who 

presentedd with a more slow insidious course, seven (58%) died: five from progressive 

cardiomyopathyy resulting in cardiac failure, one from an acute infection complicated by 

severee metabolic derangement and one died suddenly almost fourteen years after the 

firstt clinical presentation probably due to cardiac arrhythmia. The patient who was 
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antenatallyy diagnosed with cardiomyopathy and born with fetal hydrops died within 

twelvee hours after birth despite intensive treatment including glucose infusions. 

Thee five surviving patients have been fo!lowed-up for 0.5, 0.5, 1.25, 5 and 8.5 years 

respectively.. All five are in relatively good clinical condition without any signs of 

cardiomyopathy.. The first of these has persistent hypotonia and psychomotor retardation, 

butt she has not suffered any acute metabolic derangement or muscular complications so 

far.. Two of the survivors are brothers who originally presented with severe neuropathy 

withh subsequent delay in motor development. Both have recurrent episodes of acute 

metabolicc derangement with rhabdomyolysis. The other two surviving patients do not 

showw any significant developmental delay. However, both have symptoms related to 

progressivee peripheral neuropathy and regularly suffer from mild episodes of metabolic 

acidosiss and/or muscular pains with associated myoglobinuria. Retinopathy was 

documentedd in two patients at the ages of 3 months and 14 months respectively. Both 

diedd within one year after diagnosis. Retinopathy was not been documented in any of the 

survivingg patients. Even the patient who died suddenly fourteen years after diagnosis, did 

nott have signs of retinopathy when examined in the last year of life. 

Treatmen t t 

Alll five surviving patients have been on frequent feeds with a carbohydrate rich, low fat 

diett since diagnosis. Two of these patients additionally receive MCT- and carnitine 

supplementationn and two are also treated with docosahexanoic acid (DHA). Calcium and 

vitaminn D were prescribed in one patient because of persistent hypoparathyroidism. This 

individuall also appears to have benefited from creatine supplementation, with a 

significantt reduction in the frequency and severity of metabolic decompensation after 

startingg creatine. 
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Discussio n n 

Mitochondriall long-chain FAO disorders like very-long-chain acyl-CoA dehydrogenase 

deficiency,, carnitine palmitoyl transferase 1 (CPT1) deficiency, and LCHADD can present 

withh myopathy, cardiomyopathy and liver disease, with or without hypoketotic 

hypoglycemia,, the classical metabolic derangement of FAO disorders.17 Because complete 

MTPDD includes LCHADD, it may be expected that patients with complete MTPD will 

presentt with a clinical picture closely resembling that of isolated LCHADD. Indeed, a 

numberr of patients have been reported with the same presentation as has been described 

inn LCHADD. However, several case reports suggest that complete MTPD is generally a 

moree severe disorder, with earlier presentation and severe cardiac involvement. 

Inn our study, which is the first to describe a large cohort of complete MTP-deficient 

patients,, the median age of presentation was 3 months, with 48% of the patients 

presentingg within the neonatal period. This finding contrasts with isolated LCHADD, in 

whichh the median age at clinical presentation is six months.17 An important observation in 

thiss regard is the development of hydrops fetalis due to severe cardiac failure in one of 

thee two prenatally diagnosed cases. Prenatal onset of symptoms due to a FAO disorder is 

unusual,, because it is generally assumed that fetal metabolism largely depends on 

carbohydratess as the main metabolic fuel. The antenatal onset of cardiac failure strongly 

suggestss that, at least in myocardial tissue, FAO may also play a prominent role even 

duringg prenatal life. The potential role of FAO during prenatal life is also stressed by the 

largee percentage (40%) of intrauterine growth retardation as observed in our series. A 

similarr observation has been reported by Ibdah et al18, who described a significantly 

loweredd birth weight in MTP deficient mice, unrelated to maternal influences and not 

associatedd with placental abnormalities. 

Thee severe pregnancy complications HELLP syndrome and AFLP have frequently been 

reportedd to be associated with the carriage of LCHAD deficient fetuses1920. This 

associationn was recently also reported in other long-chain FAO disorders such as carnitine 

palmitoyll transferase 1 deficiency and complete MTPD1621. In our study, two (11 %) out of 

nineteenn pregnancies on which information was available, were complicated by HELLP 

syndrome.. The most likely cause of the high incidence of this pregnancy-related 

complicationn in mothers carrying a fetus with a long-chain FAO defect is the formation of 

toxicc intermediates such as long-chain acyl-CoA esters by the affected fetal-placental unit. 

Ourr study shows that cardiac involvement is very common in complete MTPD. Long-chain 

acyl-CoAA esters have been implicated in the development of cardiac disease, because it 
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hass been demonstrated that acylcarnitines are toxic to cultured cardi o myocytes in vitro22. 

Positronn emission tomography (PET) studies in patients with long-chain FAO disorders 

havee recently shown decreased myocardial palmitate oxidation with accumulation of fatty 

acidss in a slow turnover pool as result of decreased oxidative capacity compatible with the 

cardiacc involvement in this group of disorders23. 

Peripherall neuropathy with low to absent tendon reflexes has been reported in a few 

patientss with isolated LCHADD17. Again, accumulating toxic long-chain acyl-CoA esters, 

aree considered of etiologic significance. Our study reveals that peripheral neuropathy is a 

remarkablyy common and early sign in complete MTPD, as eleven out of the fourteen 

patientss on whom information was available, had peripheral neuropathy at diagnosis 

(tablee 1 on page 63). 

Pigmentaryy retinopathy, which has been reported as a late complication in 29% to 50% 

off the patients with LCHADD due to the common 1528G>C) mutation'7-24,was present in 

ourr series on complete MTPD in only two (13%) of the sixteen patients on whom 

informationn was available. This low incidence of retinopathy was also observed in a large 

familyy with adult presentation of MTPD9. However, in our study the low incidence of 

retinopathyy may well be due to the high mortality and the consequently short period of 

follow-upp in many patients. 

Overall,, complete MTPD appears to be a more severe disorder than isolated LCHADD. The 

reasonn for this is unclear, but may be related to the deficient activity of the MTP enzyme 

enoyl-CoAA hydratase, which is normal in isolated LCHADD. The additional deficiency of 

enoyl-CoAA hydratase can result in the formation of other metabolites, such as long-chain 

enoyl-CoAA esters, which may contribute to, and exacerbate the toxic effect of the 

accumulatingg long-chain acyl-CoA esters. However, plasma acylcarnitine analysis, even 

duringg severe metabolic derangement, does not differentiate between isolated LCHADD 

andd complete MTPD. It is probable that other yet unknown factors determine the 

differentt evolution of these two long-chain FAO disorders. 

Treatmentt of complete MTPD, as in the other long-chain FAO disorders, generally consists 

off avoidance of fasting with frequent meals and supplementation with medium-chain 

triglyceridess to prevent activation of long-chain FAO. Unfortunately, in complete MTPD 

thiss approach seems to be ineffective, because several patients in our series deteriorated 

withh progressive cardiomyopathy despite dietary treatment. Even the two patients in 

whomm the diagnosis was made before birth, died in spite of early treatment. A possible 

explanationn may be that myocardial energy metabolism remains dependent on long-chain 
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fattyy acids irrespective of high carbohydrate intake. Ongoing production of toxic 

intermediatess may thus result in progression of the cardiomyopathy. 

Thee reported beneficial effects of creatine in a patient with isolated LCHADD" and the 

remarkablee results of creatine supplementation in one complete MTP deficient patient in 

thiss study are encouraging. Because phosphocreatine represents the most immediate 

reservee for the rephosphorylation of adenosine triphosphate (ATP) within the skeletal 

musclee cell, high doses of oral creatine may result in an increased energy reserve, causing 

clinicall improvement. However, more research is needed to establish the value of this 

therapyy in MTPD. 
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