CPR denotes cardiopulmonary resuscitation; EMS emergency medical service; AED automated external defibrillator. Conventional
Conventional CPR indicated chest compression with rescue breathing, as a type of bystander-initiated CPR. Favorable neurological
outcome indicates cerebral performance category 1 or 2 at one month, ROSC return of spontaneous circulation. Percentages or mean
values were calculated on the basis of the available data in overall or each subgroup of arrests (family or nonfamily witnessed) in the
respective year. The percentage of conventional CPR was calculated in patients who received bystander-initiated CPR, including
conventional and compression-only CPR. Trends in the proportion of family member witnessed arrests among overall arrests were
analyzed by using univariate regression models. Trends in other categorical and continuous variables were analyzed with the use of
univariate regression models and linear tests, respectively, in overall or each subgroup of patients. P values were for trend.
Plus-minus values are means = SD. Missing data was included in the presence of CPR initiated by bystanders (1 in family member’s

in 2007), witness-CPR time (1 in family member’s in 2007; 1 in nonfamily member’s in 2009), the presence of conventional CPR (2 in

nonfamily member’s in 2007), the presence of bystander’s AED (1 in family member’s in 2007), witness to AED time (1 in nonfamily
member’s in 2007; 1 in nonfamily member’s in 2009), and witness to EMS arrival time (6 in 2005, 3 in 2006, 4 in 2007, and 2 in 2008

in family member’s; 5 in 2005, 5 in 2006, 4 in 2007, and 3 in 2008 in nonfamily member’s).

192



Appendix 2. Univariate analysis of factors associated with ventricular fibrillation as the initial rhythm and outcome

parameters.
Variable Ventricular fibrillation = Favorable One month survival Prehospital
neurological outcome ROSC
Unadjusted OR Unadjusted OR Unadjusted OR Unadjusted OR
(95% CI) (95% CD (95% CD (95% CI)
Year 1.15(.95-1.39) 1.36(1.09-1.70) 1.18(.96-1.43) 1.13(.92-1.39)

(per 1-year increase)

Age=13y

Female gender

Nonfamily witness

CPR

Not bystander-initiated

Bystander-initiated

Conventional

Compression only

Collapse-EMS time

(per 1-minute increase)

ventricular fibrillation

2.37(1.39-4.03)

67(0.39-1.15)

4.14(2.38-7.21)

reference

1.64(.89-3.06)

1.27(.62-2.56)

99(.98-1.01)

2.52(1.36-4.67)

1.85(1.03-3.34)

3.40(1.77-6.54)

reference

1.76(.86-3.63)

1.51(.66-343)

98(.96-1.01)

7.54(3.50-16.27)
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2.49(1.42-4.37)

1.49(.86-2.58)

3.32(1.85-5.97)

reference

1.75(.91-3.36)

1.30(.61-2.76)

.92(.87-.98)

6.09(3.22-11.51)

2.31(1.26-421)

1.27(.70-2.27)

2.25(1.22-4.12)

reference

1.55(.77-3.12)

1.27(.57-2.84)

99(97-1.01)

6.23(3.04-12.77)



as the initial thythm

4.72(2.04-10.95) 6.19(2.69-14.22)

4.74(2.11-10.65)

Bystander’s AED

92(.87-98) .87(.81-.93)

91(.86-.97)

Collapse-AED time

(per 1-minute increase)

OR denotes odds ratio, ROSC return of spontaneous circulation, CPR cardiopulmonary resuscitation, EMS emergency medical

Conventional CPR indicated chest compression with rescue breathing.

service, AED automated external defibrillator.
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(AED) shock delivery were obtained by EMS interview with the bystander before

leaving the scene. The cardiac or non-cardiac origin was determined clinically by the

physician in charge, in collaboration with the EMS personnel, and was confirmed by a

staff member at the Fire and Disaster Management Agency of Japan.**?!

Neurological

outcome of all the survivors was determined by EMS personnel‘s follow-up interview 1

month after the event, with a Glasgow-Pittsburg cerebral performance category scale.

Supplemental Figure Legends

Supplemental Figure

Panel A: The age-stratified distribution of patients after the out-of-hospital cardiac

arrest. Panel B: The distribution of patients after the out-of-hospital cardiac arrest,

stratified by the time of the day.

Specific data sets

Specific data sets included in the Japanese Utstein-style reporting system were as

follows: the calendar year, gender, age, origin (cardiac or non-cardiac), type of

bystander witness (none, family members, or other), initial cardiac rhythm (ventricular

fibrillation including pulseless ventricular tachycardia, pulseless electric activity, or

asystole), type of bystander- initiated cardiopulmonary resuscitation (CPR) (none, chest

compression only, or conventional), and the time intervals from the witnessed collapse

to the initiation of CPR, the first shock, and the EMS arrival, as well as return of

spontaneous circulation (ROSC) before hospital arrival, one-month survival, and the

neurological status one month after the event. **

Data collecting process

A series of EMS times including call receipt, vehicle arrival at the scene, contact with

patients, initiation of CPR, defibrillation by EMS, and hospital arrival were recorded

based on the clock used by each EMS system.?®'  Data including the time of

witnessed collapse, and initiation of bystander CPR or automated external defibrillator



Supplemental Table Temporal trends in the cumulative number and proportion of automated external defibrillators in fire stations, per

100,000 population, and in schools, and in the incidence of out-of-hospital cardiac arrests in school children in Japan

Total 2005 2006 2007 2008 2009
EMS-based AEDs (n) 7,964 2,179 4,047 5746 6,923 7,964
/fire station 9.4 2.6 4.8 6.8 8.2 9.4
Public-access AEDs (n) 203,924 9,906 43,212 90,805 149,318 203,924
/100,000 population 160.6 7.8 34.0 71.5 117.6  160.6
AED placement in schools
Elementary school (n) 15,912 4,034 10,510 15,912
(%) 72.0 18.1 47.6 72.0
Middle school (n) 9,700 4,154 7,457 9,700
(%) 89.8 383 69.0 89.8
Arrests /100,000 children
Total 43 .38 A3 A7 44 41
7-12 years of age .30 32 31 .32 27 27
Male 33 .35 .35 38 27 27
Female ’ .26 .29 26 .26 .26 26
13-15 years of age .68 49 .66 77 79 .68
Male 91 .69 .86 1.12 .96 91
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45

.62

45

28

44

Female

Schools include both private and public schools in

AED denotes automated external defibrillator, EMS emergency medical service.

Japan.
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Metabolic autopsy

Postmortem cultured fibroblasts
Mitochondrial respiratory chain disorders
Sudden unexpected death in infancy

Mitochondrial respiratory chain disorders are the most common disorders among inherited metabolic disor-
ders. However, there are few published reports regarding the relationship between mitochondrial respiratory
chain disorders and sudden unexpected death in infancy. In the present study, we performed metabolic au-
topsy in 13 Japanese cases of sudden unexpected death in infancy. We performed fat staining of liver and
postmortem acylcarnitine analysis. In addition, we analyzed mitochondrial respiratory chain enzyme activity
in frozen organs as well as in postmortem cultured fibroblasts. In heart, 11 cases of complex I activity met the
major criteria and one case of complex | activity met the minor criteria. In liver, three cases of complex |
activity met the major criteria and four cases of complex I activity met the minor criteria. However, these
specimens are susceptible to postmortem changes and, therefore, correct enzyme analysis is hard to be

performed. In cultured fibroblasts, only one case of complex 1 activity met the major criteria and one case
of complex I activity met the minor criteria. Cultured fibroblasts are not affected by postmortem changes
and, therefore, reflect premortem information more accurately. These cases might not have been identified
without postmortem cultured fibroblasts. In conclusion, we detected one probable case and one possible
case of mitochondrial respiratory chain disorders among 13 Japanese cases of sudden unexpected death in
infancy. Mitochondrial respiratory chain disorders are one of the important inherited metabolic disorders
causing sudden unexpected death in infancy. We advocate metabolic autopsy with postmortem cultured
fibroblasts in sudden unexpected death in infancy cases.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Sudden unexpected death in infancy (SUDI) is defined as sudden
unexpected death occurring before 12 months of age. If SUDI remains
unexplained after thorough investigations, it is classified as sudden
infant death syndrome (SIDS). The more common causes of SUDI
are infection, cardiovascular anomaly, child abuse, and metabolic
disorders. However, the many potential inherited metabolic disorders
are more difficult to diagnose at autopsy as compared to cardiovascu-
lar defects and serious infection. Inherited metabolic disorders may,
therefore, be underdiagnosed as a cause of SUDI or misdiagnosed as
SIDS. Fatty acid oxidation disorders (FAODs) are one type of the

Abbreviations: CS, citrate synthetase; FAODs, fatty acid oxidation disorders; MRC,
mitochondrial respiratory chain; OXPHOS, oxidative phosphorylation; SIDS, sudden in-
fant death syndrome; SUDI, sudden unexpected death in infancy.

* Corresponding author. Fax: +81 6 6879 3119.
E-mail address: legal.med.osaka-u.acjp (T. Y. L0).
! These authors contributed equally to this work.

1096-7192/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2012.05.002

inherited metabolic disorders and may cause as much as 5% of SUDI
cases after thorough investigations including metabolic autopsy [1-5].
In a review of SUDI cases with respect to potential FAODs, we found a
case of carnitine palmitoyltransferase Il deficiency [6]. In that study,
we performed fat staining of liver, postmortem acylcarnitine analysis,
and genetic analysis, advocating the importance of metabolic autopsy
in SUDI cases.

Mitochondrial respiratory chain (MRC) disorders were first identi-
fied in 1962 [7]. MRC disorders have a frequency of about at least
1:5000 newborns and are the most common disorders among inherited
metabolic disorders [8]. However, there are few published reports re-
garding the relationship between MRC disorders and SUDI. Studies of
MRC disorders have not progressed because of technical difficulties or
variability in clinical manifestations [9]. In sudden death cases especial-
ly. clinical features are unclear and postmortem changes complicate
molecular analysis.

In the present study, we performed metabolic autopsy in 13 Japanese
cases of SUDI in order to determine whether MRC disorders could be
detected or not. We performed fat staining of liver and postmortem

Please cite this article as: T. Yamamoto, et al., Metabolic autopsy with postmortem cultured fibroblasts in 'sudden‘unexpected death in infan-
cy: Diagnosis of mitochondrial respiratory chain disorders, Mol. Genet. Metab. (2012), doi:10.1016/j.ymgme.2012.05.002
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acylcarnitine analysis according to the previous methods. In addition, we
analyzed MRC enzyme activity in frozen organs as well as in postmortem
cultured fibroblasts. With such metabolic autopsy, we were able to detect
one probable case and one possible case of MRC disorders. These cases
might not have been identified without metabolic autopsy. MRC disorders
are important diseases causing SUDI and metabolic autopsy might be
helpful for forensic scientists and pediatricians to diagnose MRC disorders
that might not otherwise be identified.

2. Materials and methods
2.1. Subjects

Between October 2009 and September 2011, forensic autopsy was
performed on 588 cases at our institute, 22 of whom were under
12 months of age. Following macroscopic examination, nine cases
could be diagnosed but 13 cases (Table 1) did not have any characteris-
tic appearance and remained undiagnosed. In this study, we reviewed
these 13 undiagnosed cases (8 males, 5 females) with age ranging
from 1 to 10 months.

2.2. Autopsy

Autopsies were performed within 24 h following death. Blood was
obtained from the femoral vein. Heart and liver specimens were imme-
diately cut and frozen at — 80 °C. Dermis, which was cut and sterilized,
was cultured at 37 °C and 5% CO, in Dulbecco's modified Eagle's medium
(Sigma, St. Louis, MO) containing 10% fetal bovine serum, 1% penicillin
streptomycin glutamine, and 2.5% amphotericin B (Life Technologies,
Indianapolis, IN). Once cultures were established, fibroblasts were fro-
zen at —80°C.

2.3. Sudan Il staining

Liver samples preserved in 4% phosphate-buffered formaldehyde
solution were frozen, cut into 10-jum sections, and stained by the
Sudan Il method for fat staining.

2.4. Postmortem blood acylcarnitine analysis by tandem mass spectrometry

Whole blood samples obtained at autopsy were blotted onto one
spot on Guthrie cards. They were subjected to acylcarnitine analysis
by tandem mass spectrometry and compared with the previously
determined normal range [6].

Table 1
SUDI cases.

Case Age/sex Height/weight Circumstances Fever Remarks
no. (cm/kg)

1 4mo/M 68/7.5 Sleeping =

2 10mo/F  70/8.8 Sleeping - Sister: undiagnosed
encephalitis

3 10mo/F  71/7.7 Sleeping + Cesarean section

4 9mo/M 67/7.5 Sleeping —

5 4mo/M  60/5.7 Sleeping - Hydrocephalia

6 6 mo/M  68/8.0 Sleeping =

4 1mo/F  51/3.6 Sleeping = Twins, preterm birth

8 10 mo/M  72/9.9 Sleeping - Developmental disease
(right side of the
body paralysis)

9 6mo/F  64/89 Sleeping - Bronchitis

10 4mo/M  65/7.4 Sleeping - Cesarean section

t 1mo/M 58/4.8 Sleeping

12 5mo/M 59/4.2 Sleeping - Preterm birth

13 2mo/F  53/39 Sleeping - Low-birth-weight

infant

Abbreviations: F, female; M, male; mo, month; SUDJ, sudden unexpected death in infancy.

2.5. Enzyme analysis

The activity of mitochondrial respiratory chain complexes 1, I, IIl,
and 1V was assayed in the crude post-600-g supernatant of heart and
liver, and in isolated mitochondria from skin fibroblasts as described
previously [10]. The activity of each complex was presented as a percent
ratio relative to the mean value [9]. The activity of complexes I, I1, IIl, and
IV was also calculated as the percent relative to citrate synthetase (CS),
a mitochondrial enzyme marker or complex Il activity [10].

2.6. Ethics

This study was approved by the Ethics Committee of the Osaka
University Graduate School of Medicine.

3. Results
3.1. Microscopic examination

One of the common features in diagnosing MRC disorders is hepatic
steatosis. We therefore performed Sudan IIl staining to examine wheth-
er vacuoles caused by fatty degeneration were present in hepatocytes.
Diffuse microvesicular steatosis was detected in case 5 (Fig. 1A). No
Sudan Ill-positive vacuole was detected in case 13 (Fig. 1B) and the
other cases, for example, case 2 (Fig. 1C).

3.2. Postmortem blood acylcarnitine analysis

We performed acylcarnitine analysis by tandem mass spectrometry
using whole blood samples. In all samples, data were within the normal
range. These data suggested that no case was affected by FAODs (data
not shown).

3.3. Enzyme analysis of MRC complexes in heart, liver, and cultured
fibroblasts

The enzyme activity of each complex was compared with the CS
ratio and complex Il ratio. Lower than 20% activity of any complex in a
tissue or lower than 30% activity of any complex in a cell line meets
the major criteria. Lower than 30% activity of any complex in a tissue
or lower than 40% activity of any complex in a cell line meets the
minor criteria according to Bernier et al. [11].

In heart, 11 cases of complex I activity met the major criteria of MRC
disorders and one case of complex I activity met the minor criteria
(Fig. 2A). In liver, three cases of complex I activity met the major criteria
of MRC disorders and four cases of complex I activity met the minor
criteria (Fig. 2B). In cultured fibroblasts, one case (case 5) of complex I
activity met the major criteria of MRC disorders and one case (case
13) of complex | activity met the minor criteria (Fig. 2C, Table 2). The ac-
tivity of complexes I, I1l, and IV was maintained in almost all cases.

3.4. Diagnosis

A definite diagnosis is defined as the identification of either two
major criteria or one major plus two minor criteria. A probable diag-
nosis is defined as either one major plus one minor criterion or at
least three minor criteria. A possible diagnosis is defined as either a
single major criterion or two minor criteria, one of which must be
clinical [11].

All the cases had a clinical symptom of sudden death, meeting one
minor criterion. In the enzyme activity, eleven cases (cases 2, 4-13)
met the major criteria and we could make a probable diagnosis in
these 11 cases. The other two cases (cases 1 and 3) met the minor
criteria and we could make a possible diagnosis.

cy: Diagnosis of mitochondrial r 'y chain di
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Fig. 1. Microscopic examination of liver (Sudan [l staining): (A) case 5, (B) case 13, and
(C) case 2. Diffuse microvesicular steatosis was detected in case 5 (A). No Sudan 11
positive vacuole was detected in case 13 (B) and the other cases, for example, case 2 (C).

4. Discussion

Mitochondria are essential organelles that exist in all nucleated mam-
malian cells. They provide the energy required for normal cell function
through oxidative phosphorylation (OXPHOS). OXPHOS includes MRC
complexes (complexes I, 1I, 1Il, and IV) and ATP synthase (complex V)
[12], which use reduced coenzymes from the tricarboxylic acid cycle
and molecular oxygen, generating cellular energy in the form of ATP [13].

The infantile or early neonatal period demands high energy.
Patients with MRC disorders are unable to produce adequate energy,
which may thus compromise them in the first days of life or during
infancy. MRC disorders affect most organ systems and present
variable clinical manifestations from prenatal complications through
acute neonatal decompensation and death to adult-onset disorders.
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Fig. 2. Enzyme activity of MRC complexes in heart (A), liver (B), and cultured fibroblasts
(C). In heart, 11 cases of complex I activity were under 20% of the CS ratio, meeting the
major criteria and one case of complex | activity was under 30% of the CS ratio, meeting
the minor criteria (A). In liver, three cases of complex | activity were under 20% of the
CS ratio, meeting the major criteria and four cases of complex I activity were under 30%
of the CS ratio, meeting the minor criteria (B). In cultured fibroblasts, one case (case 5)
of complex 1 activity was under 30% of the CS ratio, meeting the major criteria and one
case (case 13) of complex I activity was under 40% of the CS ratio, meeting the minor
criteria (C). The activity of complexes 11, 11I, and IV was maintained in almost all cases.
The enzyme activity of each complex was compared with the CS ratio. Lower than 20%
activity in a tissue or lower than 30% activity in a cell line (dark blue) meets the major
criteria. Lower than 30% activity in a tissue or lower than 40% activity in a cell line (light
blue) meets the minor criteria. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Therefore, it is not surprising that MRC disorders are also one of the
causes of SUDIL However, there are few reports on a relationship
between MRC disorders and SUDI [12,14].

We have previously reviewed SUDI cases with respect to FAODs
and found a case of carnitine palmitoyltransferase II deficiency [6]. In
that study, we advocated the importance of metabolic autopsy [15],
including fat staining of liver, postmortem acylcarnitine analysis, and
genetic analysis. Using this protocol, most FAODs, some amino acid
oxidation disorders, and some organic acid oxidation disorders could
be diagnosed.

However, MRC disorders are difficult to diagnose. First, they present
variable clinical manifestations and non-specific features such as failure
to thrive or hepatic, cardiac, renal, gastrointestinal, endocrine, he-
matological, or other symptoms [10,16]. Second, although blood

4 T. Yamamoto et al. / Molecular Genetics and Metabolism xxx (2012) XXx-xxx

Table 2
Enzyme assay of mitochondrial i 'y chain ¢

in cultured fib

Enzyme activity (%)*

Col Coll Co Il Colv
Case 5
CS ratio Y 66 38 53
Co Il ratio 13 o 71 58
Case 13
CS ratio 39; 106 76 98
Co II ratio 37 —_ 73 92

Abbreviations: Co 1, complex 1; Co I, complex II; Co IlI, complex 1iI; Co IV, complex IV;
CS, citrate synthetase.
* Relative to mean CS and Co II of the normal controls.

lactate levels and muscle morphology can be used as a screening test,
some confirmed patients were normal [10]. Third, genomic muta-
tional analysis is difficult because MRC complexes are composed of
13 subunits encoded by mitochondrial DNA and over 70 subunits
encoded by nuclear genes. In addition, nuclear genes are related to
many assembly factors, membrane dynamics, nucleotide transport
synthesis, and mitochondrial DNA replication and expression. There-
fore, enzyme analysis still remains the most significant diagnostic
tool. A definite diagnosis thus requires enzyme analysis [8].

In the present study, we performed enzyme analysis in frozen heart,
frozen liver, and cultured fibroblasts. Eleven cases were supposed to be
a probable diagnosis and two cases were supposed to be a possible diag-
nosis. However, it seemed unlikely that such a high proportion would
have real MRC disorders. Did we have to take the effect of postmortem
changes into consideration?

For forensic autopsy, organ specimens are often preserved in formal-
dehyde solution and sometimes frozen. These specimens are susceptible
to postmortem changes and, therefore, correct enzyme analysis is hard
to be performed. Based on the previous report that artifactual loss of
complex I activity in autopsy samples preceded that of complex I and
the data that complex II activity in the present study was maintained,
this low complex I activity might be decreased before death. However,
postmortem changes cannot be completely ruled out and this low com-
plex I activity may not therefore be consistent with premortem activity.

We therefore analyzed activity in cultured fibroblasts. Cultured
fibroblasts are not affected by postmortem changes and, therefore,
reflect premortem information more accurately. In cultured fibro-
blasts, one case (case 5) of complex [ activity met the major criteria
and one case (case 13) of complex [ activity met the minor criteria.
In case 5, complex I activity was distinctively decreased. Sudan I
staining of the case revealed hepatic steatosis, consistent with Reye-
like syndrome. Reye-like syndrome is one of the characteristic
features of MRC disorders [9]. We could therefore make a probable
diagnosis (case 5) and a possible diagnosis (case 13) from metabolic
autopsy with postmortem cultured fibroblasts.

Case 5 had hydrocephalia and case 13 was a low-birth-weight
infant. However, neither was severe. Macroscopic examination did
not reveal any abnormal appearance and microscopic examination
showed no pathological findings except for steatosis. These cases
might not have been identified without postmortem cultured fibro-
blasts. As with such cases, some MRC disorders reveal no clinical
manifestation and no pathological characteristic. We believe it is im-
portant to perform metabolic autopsy with postmortem cultured
fibroblasts when encountering SUDI cases.

We emphasized the advantage of metabolic autopsy with cultured
fibroblasts. First, despite lacking obvious preceding symptoms, MRC
disorders could be diagnosed. Second, cultured cells are the only
method to retrieve premortem information from the deceased.
Third, even frozen samples are affected by postmortem changes and
may lead to a false positive diagnosis. However, we have to discuss
the disadvantage. MRC disorders showed tissue specificity and the ac-
tivity of cultured fibroblasts represent normal in some cases. Some of

the low complex [ activity in heart or liver could represent pre-
mortem MRC disorders despite normal activity in cultured fibroblasts.
Thus, other molecular investigations may well be added to enzyme
analysis. Recently, systematic gene analysis using next-generation
sequencing has been reported for the diagnosis of patients with
MRC disorders [17]. Further investigations are thus needed.

In conclusion, we detected one probable case and one possible
case of MRC disorders among 13 Japanese cases of SUDI. MRC disor-
ders are one of the important inherited metabolic disorders causing
SUDIL. We advocate metabolic autopsy with postmortem cultured
fibroblasts in SUDI cases.
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