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SUMMARY: Mitochondrial pathologies are a heterogeneous group of metabolic disorders that are frequently characterized by
anomalies of oxidative phosphorylation, especially in the respiratory chain. The identification of these anomalies may involve many
investigations, and biochemistry is a main tool. However, considering the whole set of biochemical data, the interpretation of the results
by the traditionally used statistical methods remains complex and does not always lead to an unequivocal conclusion about the
presence or absence of a respiratory chain defect. This arises from three main problems: (a) the absence of an a priori-defined control
population, because the determination of the control values are derived from the whole set of investigated patients, (b) the small size
of the population studied, (c) the large number of variables collected, each of which creates a wide variability. To cope with these
problems, the principal component analysis (PCA) has been applied to the biochemical data obtained from 35 muscle biopsies of
children suspected of having a mitochondrial disease. This analysis makes it possible for each respiratory chain complex to distinguish
between different subsets within the whole population (normal, deficient, and, in between, borderline subgroups of patients) and to
detect the most discriminating variables. PCA of the data of all complexes together showed that mitochondrial diseases in this
population were mainly caused by multiple deficits in respiratory chain complexes. This analysis allows the definition of a new subgroup
of newborns, which have high respiratory chain complex activity values. Our results show that the PCA method, which simultaneously
takes into account all of the concerned variables, allows the separation of patients into subgroups, which may help clinicians make their
diagnoses. (Lab Invest 2000, 80:1019–1030).

T he term mitochondrial cytopathies describes a
clinically heterogeneous group of metabolic dis-

orders characterized by anomalies in both mitochon-
drial ultra-structure and the functioning of oxidative
phosphorylation. The term “mitochondrial myopathy”
was used for the first time by Luft (Luft et al, 1962) to
describe an adult case of nonthyroid hypermetabolism
with both uncoupling of oxidative phosphorylation and
abnormal mitochondria in the skeletal muscle. The
term was later used for all clinical manifestations that
showed alterations in the number or structure of
mitochondria in skeletal muscle. It was rapidly ex-
tended to varied syndromes with myopathies associ-
ated with other neurologic signs (DiMauro et al, 1985;
Morgan-Hughes, 1986; Wallace, 1992). In recent
years, it has become clear that respiratory chain

deficits can also appear as multivisceral patterns,
involving any tissue. This has led to the concept of
mitochondrial cytopathies or mitochondrial diseases
(Wallace, 1993). More recently, genetic studies have
shown that mitochondrial DNA mutations are associ-
ated with some of these pathologies (Holt et al, 1988;
Inui et al, 1991; Kobayashi et al, 1991; Lauber et al,
1991; Lestienne and Ponsot, 1988; Noer et al, 1991;
Reardon et al, 1992; Rötig et al, 1989; Shoffner et al,
1990; Wallace et al, 1988; Zeviani et al, 1991).

Diagnosis of mitochondrial cytopathies is usually
based on the results of a number of different investi-
gations, including clinical examinations, biologic stud-
ies, histo-enzymologic studies, molecular biology
studies, and biochemical assays of oxidative phos-
phorylation complexes on muscle biopsies.

Our biochemical assays on crude muscle homoge-
nates or on permeabilized muscle fibers resulted in a
set of eleven enzymatic and polarographic parameters
(Letellier et al, 1992). A combination of some of these
parameters, mainly for standardization, by citrate syn-
thase (CS), succinate dehydrogenase (SDH) or protein
concentration in a crude homogenate (CP), improves
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the overall understanding of the set. Nevertheless,
except for clear-cut cases, analyzing the data using
classical statistical methods (univariate analysis, re-
gression analysis) remains complex. It is not always
possible to unequivocally conclude whether or not a
patient is affected by mitochondrial dysfunction. In-
deed, with these methods of analysis, several prob-
lems make the diagnosis of mitochondrial cytopathies
difficult. Firstly, in the field of mitochondrial diseases
analysis, there is no possibility to perform the bio-
chemical studies on an a priori defined control popu-
lation. Usually, the determination of control values
(mean and standard deviation) are performed on pa-
tients whom, after biochemical investigation, are
found, a posteriori, to have “normal” respiratory com-
plex values. This clearly implies a subjective choice of
the patient repartition into two subgroups, affected
and unaffected. Secondly, the small size of the pop-
ulation studied and the nongaussian distribution, in-
cluding extreme values, makes the construction of
confidence intervals difficult. Thirdly, the large number
of variables studied on each patient’s biopsy as well
as sometimes apparently contradictory results render
both analysis and interpretation problematic.

To solve these problems, we have used a multifac-
torial statistical approach, known as the principal
component analysis (PCA) (Jolliffe, 1986, 1992) on the
whole set of data obtained in our biochemical study to
identify patients with respiratory chain defects. The
objective of this method is to reduce the number of
variables and, hence, the dimensionality of the data
set, whilst preserving as much of the original informa-
tion as possible.

In this study, PCA was applied to the biochemical
data obtained from 35 muscle biopsies of children
suspected of having mitochondrial disease. For each
respiratory chain complex, this method makes it pos-
sible to distinguish different subgroups of patients: (i)
a control subgroup, (ii) a subgroup deficient for the
studied complex, and (iii) an in between, borderline
subgroup. These three subgroups are separated by
the “first principal component” (Jolliffe, 1986, 1992)
allowing a quantification of the defect.

PCA was also applied to the whole set of biochem-
ical data, and indicated that most of the affected
patients have a multiple deficit in respiratory chain
complexes, and that there is a possible new subgroup
of patients constituted by newborns with high values
in all of the complex activities. PCA also allows the
detection of the most discriminating variables for each
respiratory chain complex. Our results show that PCA
allows a localization of patients into subgroups and
could help clinicians make diagnoses.

Results

Table 1 describes the main clinical features of the 35
children from whom a muscle biopsy was taken to
look for a mitochondrial defect. For each biopsy,
polarographic and biochemical measurements were
performed. These measurements are summarized in
Table 2 (see “Materials and Methods”). For a better

localization of the deficit, these measurements were
split into three subsets of variables, which were rep-
resentative of the activities of complex I, III, and IV
(listed in Tables 3 to 5). The PCA method was per-
formed on each of these three subsets (Figs. 1 to 3)
and on the whole set of variables (Fig. 4).

The two first principal components (comp.1 and
comp.2) represent 70% of the total variability for
complex I, 65% for complex III, 75% for complex IV,
and 54% for all complexes together. This allows us to
use the two first principal components to describe the
patient’s data in a biplot (see “Materials and Meth-
ods”) (Figs. 1 to 4).

Projection of Patients

For each complex, the biplots (Figs. 1 to 3) show at
least two subgroups of patients, which can be as-
signed to a normal and an affected subgroup, when
we consider the comp.1 value. In fact, negative
comp.1 values correspond to low values of the original
variables in Tables 3 to 5, which are usually regarded
as reflecting a defect in the corresponding complex.
The affected cases, represented by squares in Figures
1 to 3, are always concentrated in the left half-plane of
the biplot (comp.1 , 0) while the control subgroup is
concentrated in the right half-plane of the biplot
(comp.1 . 0). Thus, comp.1 (the abscissa) clearly
discriminates the cases with or without an oxidative
phosphorylation deficiency. To make the localization
of the patients in these two groups clearer, we built
examples of fictitious patients (bottom of Tables 3 to
5) harboring the minimal values found in Table 3 to 5
for one or several variables, and used the mean values
calculated from the controls for the other variables
(comp.1 . 0) (points D I, DRESP I, DNCR, D III, etc.).
The examples of fictitious patients with all of the
variables affecting a complex chosen to be the mini-
mal values are indicated by DCPLX I, DCPLX III, and
DCPLX IV in Figures 1, 2, and 3 respectively. All these
examples of fictitious patients plot on the left-hand
side of the biplot, and indicate the direction to which
actual patients affected in the corresponding vari-
able(s) will tend to plot. We have also plotted a “Mean
Control Patient” with the mean values of all variables
calculated from the control population (comp.1 . 0):
MCP I, MCP III, and MCP IV in Figures 1, 2, and 3
respectively. As expected, “mean control patients” are
projected on the center of the control cloud. Never-
theless, a few patients with comp.1 close to zero
remain difficult to classify (patients 16 and 17 are
typical in this respect). Such patients are considered
borderline and are the most difficult to interpret based
on biochemical and polarographic data alone. There-
fore, for these cases, other investigations such as
clinical or histo-enzymatic studies are necessary be-
fore the final diagnosis can be made. These borderline
subgroups will be further examined in the “Discus-
sion” section.

Letellier et al
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Projection of Variables

The arrows in Figures 1 to 3 represent the original
variables in the new plot. Their components indicate
the extent of their participation in the construction of
the new coordinates of the point representing a pa-
tient. That is, the higher the projection on an axis, the
greater the participation in the corresponding coordi-
nates of the point.

Figures 1 to 3 show that the most discriminating
parameters are the enzymatic determination for com-
plexes I, III, and IV and their standardization. However,
standardization by CS seems slightly less discriminat-
ing than that by SDH or CP. The same results are also
obtained from regression analysis (applied to the

same data), and the scatterplots obtained for the
couples of variables observed (D I versus D I/CP, D I
versus D I/SDH, etc., data not shown).

Moreover, it is also apparent that the results of the
polarographic studies Resp. I, Resp. III, and Resp. IV
play a rather negligible role for localizing a precise
defect in the respiratory chain complex. Figures 1 to 3
show that comp.1 of the corresponding vector, ie
Resp. I, Resp. III, and Resp. IV, is always small; this
means that polarographic studies are less discriminat-
ing to evidence a defect in a respiratory complex than
the direct measurement of the complex activities
themselves. This is confirmed by the fact that fictitious
patients, with the minimal respiration values (DRESP I,

Table 1. Case Reports and PCA Results

Case Sex

Age at
study

(month)

Age at
Onset

(month) Familial cases Symptoms
Lactic

Acidosis
Histo-

Enzymology

PCA Study for
complex

PCA
resultI III IV

1 F 5 3 (2) Apneas (2) N N N N N
2 M 12 0 (2) H,M,E (2) N D N N I
3 M 0.07 0 (1) HD (1) N D N(l) D I,IV
4 M 24 — (2) N,E (2) N D N D I,IV
5 M 0.1 0 (2) HD (11) N D D D All
6 M 72 — (2) N,P,MD (2) N N N N N
7 M 8 7 (1) L, P (1/2) US N N N N
8 F 24 — (2) Hypertonia, P (11) N D D(l) N I,III
9 M 2 2 (2) (2) (1/2) N N N N N

10 M 132 — (2) Fatigability, H (2) N N N N N
11 F 36 — (1) N, E (2) N N N N N
12 F 24 — (2) C,CD (1) N N N N N
13 M 5 — (2) L,SD,H,O,P (2) US N(l) N N N
14 F 14 — (2) P,M,Microcephaly,PDH (11) US N N N N
15 M 2 1 (2) HD,N,KD (1/2) N N N N N
16 M 12 — (2) H,D (2) N D N D I,IV
17 F 30 24 (1) E,H,D (11) N D N(l) N(l) I,IV
18 M 8 — (1) N,H,M,D (1/2) N N N D IV
19 M 2 1 (2) H,M (Prader-Willi) (2) N D D D(l) All
20 M 1 0 (1) H,N, (Prader-Willi) (2) N D D D All
21 M 3 0 (1 consanguinity) H,SD,HD (1/2) US N N N N
22 M 9 — (2) FT,N,H,P (Menkes) (1) N D D D All
23 M 120 96 (1) N,O (1/2) US,LS D N N I
24 M 144 144 (1) Metabolic Disorders (1/2) N D N D I,IV
25 M 168 — (1) H (2) N D N N(l) I,IV
26 F 7 7 (2) H, SD (2) N D D N(l) All
27 M 2 — (2) (Werdnig-Hoffmann) (2) N N(l) D D III,IV
28 M 4 0 (2) HD,C,H,FT (Depl. mtDNA) (2) LS,COX D D D All
29 M 60 — (1) C,N, Friedreich (2) LS D D D All
30 M 5 5 (2) H,P (Menkes) (1) N D D D All
31 M 60 — (1) D,E (1) N D D D All
32 M 18 3 (2) M,D,H (1) N N N D IV
33 F 7 5 (2) N,H,D (1/2) N N N(l) D III,IV
34 M 54 36 (2) N,E (2) N N N N(l) N
35 M 18 — (2) H (2) N D D D All

Symptoms: C (Cardiomyopathy), CD (Dilated Cardiomyopathy), D (Deafness), Depl. mtDNA (mtDNA depletion), E (Epilepsy), FT (Failure to Thrive), H (hypotonia),
HD (Hepatic Dysfunction), KD (Kidney Dysfunction), L (Leigh disease), M (Myoclonia), MD (Metabolic Dysfunction), N (Neuropathy), O (Ophthalmoplegia), P
(Psychomotor delay), PDH (Pyruvate dehydrogenase deficit), SD (Swallowing difficulties).

Lactic Acidosis: The level lactate/pyruvate is: (2): normal, (1/2): slightly elevated, (1): elevated, (11): highly elevated.
Histo-Enzymology: COX (Cytochrome c oxidase deficiency), LS (Lipid droplets), US (UltraStructural abnomalities of mitochondria), N: normal.
PCA study: N: normal, D: complex deficiency, (l): border line on PCA biplot, I, III, IV: denote complex I, III or IV deficiency, All: deficiency in all complexes.
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DRESP III, and DRESP IV respectively), map near the
“Mean Control Patient” for each complex.

Stability of PCA Results

To obtain an idea of the stability of our PCA results,
k-fold cross-validation was used. The basic idea of
k-fold cross-validation is that all but k observations
are used for the analysis, although k observations are
left out. Of course, one must repeat the analysis and
compare the results for all Cn

k subsamples of size n to
k (where n is the sample size). With our data, for k 5 1,
2 the results of PCA were practically the same for each
of the complexes, both in the percentage of the
variability explained and in the form of the biplots and
the projections of the test sample observations to the
plane spanned by the first two principal components.
In the case of k 5 2, one obtains C35

2 5595 biplot
representations. The coordinates (comp.1 and
comp.2) of a given patient in all of these biplots
showed a very small estimated dispersion, ie, a low
variance (on average equal to 0.01, and at the most,
equal to 0.13), confirming the great stability of PCA.
We illustrated this stability in the case of the complex
III biplot by removing the two patients who are repre-
sentative of one of the greatest dispersions (4 and 15).
The comparison of Figure 2a and b shows no signifi-
cant difference in the disposition of the 33 remaining
patients.

Discussion

Oxidative phosphorylation analysis on biopsies is of-
ten difficult and sometimes prevents clear conclusions
on the presence of a respiratory chain defect. Indeed,
the use of classical statistical methods (regression
models, confidence intervals, etc.) may present prob-
lems such as:

The difficulty to globally analyze, for each patient (or
for each patient’s complex), all of the measurements
involved, including their standardization.

The difficulty in gaining access to a true control
population for the same type of muscle. This leads one

to extract, a posteriori, for each measured variable, a
control population from the whole population studied.
This operation is difficult, and more or less subjective.

The difficulty to construct confidence intervals for
healthy values because of the small size of the ex-
tracted control subsample and its unknown distribu-
tion function.

To circumvent these difficulties, we used the PCA
method. The objective of this method is to reduce the
number of variables whilst preserving the original
information as much as possible. This method makes
it possible to represent the original variables and the
individuals in a graph and, without a priori selection, to
distinguish several subgroups in the whole population
and to assess the discriminating power of the original
variables. Another benefit of PCA is the fact that, in
practice, it is not limited by the number of individuals
and variables.

We applied the PCA method to a set of 23 variables
obtained from the biochemical study of 35 children
suspected to be affected by a respiratory chain defect.
To clearly identify the localization of a hypothetic
respiratory chain defect, this analysis was performed
on three subsets of data characteristic of each respi-
ratory chain complex (Tables 3 to 5).

The results of these analyses show that, for each of
the complexes, the first two principal components
explain more than 65% of the total variability. For this
reason, the projection on the plane spanned by the
first two principal components explains the structure
of the data with a good classification power. This
representation, (Figs. 1, 2, and 3), allows the isolation
of three populations (control, affected, and borderline)
for complexes I, III, and IV of the respiratory chain. The
affected cases are always concentrated in the same
left half-plane and the abscissa clearly discriminates
the respiratory chain deficit; the more negative the
value of comp.1 (abscissa), the more pronounced the
deficit.

The classification of patients for whom the value of
comp.1 is in the neighborhood of zero sometimes
raises a diagnostic issue. Indeed, these patients are
difficult to classify by the examination of the individual
original variables separately. In fact, these cases can

Table 2. Abbreviations

Abbreviation Determination Reference

Resp. I Mean of respiratory rate on Pyruvate and Malate (10 mM) 1 ADP (2 mM) Letellier et al, 1992
Resp. III Mean of respiratory rate on Succinate (25 mM) 1 ADP (2 mM) Letellier et al, 1992
Resp. IV Mean of respiratory rate on Ascorbate (0.5 mM) And TMPD (5 mM) 1

ADP (2 mM)
Letellier et al, 1992

PC Concentration in Proteins in crude homogenate Lowry et al, 1951
CS Citrate Synthase Srere et al, 1969
SDH Succinate Dehydrogenase Singer et al, 1966
DI Rotenone-sensitive NADH-CoQ Reductase activity Birch-Machin et al, 1989
DIII Antimycin-sensitive Ubiquinol-Cyt. c Reductase activity Birch-Machin et al, 1989
DNCR Rotenone-sensitive NADH-Cyt. c Reductase activity Birch-Machin et al, 1989
SCCR Succinate-Cyt. c Reductase activity Fischer et al, 1985
COX Cytochrome-c-Oxidase Wharton et al, 1967
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be explained either by a low but still normal value of
the complex or by a slight deficiency, or even by a
physiologic compensation between several discor-
dant variables. An advantage of the PCA method is to
identify this borderline subgroup of patients, for which
it is impossible to conclude a respiratory chain defect.
In these cases, further independent investigations
(histo-enzymology, electron microscopy, molecular
biology, analysis of other tissues or cell lines, etc.) are
essential to reach a final diagnosis.

Further analysis of the borderline cases evidenced,
in some, a defect in another complex. This was the
case for patients 16, 18, and 33, which were borderline

for complex III but had a complex IV deficit; similarly,
patients 16, 17, 23, and 25 were also borderline for
complex III but had a complex I deficit; and patient 27,
borderline for complex I, had a double deficit for com-
plexes III and IV. This raises the question of associated
defects that may be caused by (i) a pleiotropic mutation
(eg, mitochondrial tRNA mutation or a deletion) that can
directly but differently affect the activity of the respiratory
chain complexes, or (ii) a mutation indirectly affecting the
respiratory chain, eg, Menkes disease (Pedespan et al,
1999) or Friedreich’s ataxia (Rötig et al, 1997).

We used the PCA method to analyze all of the
variables together to see if it was possible to distin-

Table 3. Complex I Activity Data

Case Resp. I DI DI/PC DI/CS DI/SDH DNCR DNCR/PC DNCR/CS DNCR/SDH

1 1.518 0.860 18.985 0.028 0.464 9.330 205.960 0.309 5.030
2 2.837 0.000 0.000 0.000 0.000 3.500 114.379 0.304 3.665
3 1.279 0.380 19.000 0.029 0.310 1.220 61.000 0.095 0.996
4 1.858 0.750 26.786 0.047 0.588 1.430 51.071 0.089 1.122
5 1.039 0.000 0.000 0.000 0.000 1.240 59.048 0.106 1.953
6 1.458 1.460 28.911 0.137 0.620 4.220 83.564 0.395 1.792
7 2.557 1.110 33.303 0.624 0.407 2.280 68.407 1.281 0.837
8 1.139 0.700 19.444 0.096 0.228 1.520 42.222 0.209 0.494
9 2.517 2.110 80.843 0.241 0.755 4.990 191.188 0.570 1.785

10 0.999 1.450 30.208 0.221 0.423 3.790 78.958 0.577 1.107
11 2.218 1.320 25.882 0.141 0.507 5.200 101.961 0.557 1.996
12 1.898 1.210 22.202 0.100 0.336 6.180 113.394 0.509 1.714
13 3.336 0.850 29.310 0.083 0.224 2.260 77.931 0.221 0.596
14 3.476 0.650 34.392 0.127 0.522 2.000 105.820 0.392 1.606
15 2.098 1.070 33.968 0.254 0.379 6.740 213.968 1.597 2.386
16 2.078 1.140 15.616 0.107 0.388 2.230 30.548 0.209 0.760
17 3.516 0.840 11.200 0.075 0.263 2.500 33.333 0.223 0.782
18 5.913 4.470 67.016 0.474 1.321 2.010 30.135 0.213 0.594
19 1.079 0.190 2.639 0.025 0.073 1.370 19.028 0.180 0.528
20 1.019 0.320 5.634 0.069 0.141 0.200 3.521 0.043 0.088
21 1.239 1.820 31.379 0.249 0.747 4.130 71.207 0.565 1.696
22 2.757 0.740 18.974 0.096 0.291 0.540 13.846 0.070 0.212
23 3.736 0.720 12.203 0.104 0.244 1.800 30.508 0.260 0.609
24 1.858 1.240 18.235 0.093 0.237 1.050 15.441 0.078 0.201
25 2.597 0.950 15.833 0.078 0.501 1.590 26.500 0.131 0.839
26 3.017 0.160 3.200 0.013 0.215 2.400 48.000 0.192 3.221
27 1.918 0.960 29.091 0.540 0.919 0.210 6.364 0.118 0.201
28 1.070 0.330 10.313 0.049 0.141 0.340 10.625 0.051 0.145
29 1.670 0.000 0.000 0.000 0.000 1.220 31.122 0.150 0.875
30 2.050 0.000 0.000 0.000 0.000 0.220 5.327 0.034 0.093
31 2.050 1.160 25.439 0.113 0.405 0.690 15.132 0.067 0.241
32 1.570 1.550 34.949 0.522 2.366 0.590 13.303 0.199 0.901
33 1.420 1.130 32.011 0.404 1.752 0.500 14.164 0.179 0.775
34 2.440 0.800 16.807 0.184 0.669 1.630 34.244 0.375 1.364
35 1.880 0.940 18.504 0.237 0.514 0.440 8.661 0.111 0.240

Fictitious examples of patients
MCP I 2.470 1.410 33.570 0.206 0.516 4.350 112.070 0.580 1.910
DRESP I 1.000 1.410 33.570 0.206 0.516 4.350 112.070 0.580 1.910
D I 2.470 0.000 0.000 0.000 0.000 4.350 112.070 0.580 1.910
DNCR 2.470 1.410 33.570 0.206 0.516 0.200 3.520 0.034 0.090
DCPLX I 1.000 0.000 0.000 0.000 0.000 0.200 3.520 0.034 0.090

The rate of oxygen consumption (Resp.I) is expressed in natom O/min/mg tissue.
The enzymatic activities are expressed in mmol/min/g tissue.
Fictitious patients: MCP I, DRESP I, D I, DNCR and DCPLX I are described in the projection of patients section.
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guish between the deficits in the different complexes,
or if some diseases appeared as a particular sub-
group. This analysis, given in Figure 4, shows that
there is a clear discrimination between healthy (right
half-plane) and affected (left half-plane) subjects along
the abscissa; and that the patients affected in all
complexes (5, 19, 20, 22, 28, 29, 30, 31, and 35) form
a clear subgroup. Patient 27 seems to belong to this
group, although it was impossible from Figure 1 to
conclude that there was a deficit in complex I (border-
line subgroup). This indicates that this patient could
also suffer from a mild deficit in complex I along with

the clear complex III and IV deficiencies. A third subset
in the neighborhood of the origin (patients 4, 8,16, 17,
23, 24, 25, and 34) can be distinguished between the
subgroup of healthy patients and those affected in all
complexes. This subgroup involves patients affected
by one or two complexes or mildly affected by all
complexes.

Among the normal subjects, newborns seem to be
concentrated in the region of the biplot characterized
by the highest values of comp.1 (1: 5 months; 7: 8
months; 9: 2 months; 13: 5 months; and 15: 2 months).
This corresponds to high values of the activity of the

Table 4. Complex III Activity Data

Case
Resp.

III SCCR SCCR/PC SCCR/CS SCCR/SDH DIII DIII/PC DIII/CS DIII/SDH

1 2.007 3.250 71.744 0.108 1.752 7.979 176.145 0.264 4.300
2 3.670 1.660 54.248 0.144 1.738 3.034 99.164 0.263 3.180
3 1.128 3.380 169.000 0.262 2.759 0.067 3.372 0.005 0.060
4 2.542 0.730 26.071 0.046 0.573 11.014 393.349 0.688 8.640
5 2.772 1.020 48.571 0.087 1.606 2.250 107.000 0.190 1.120
6 2.447 1.760 34.851 0.165 0.747 6.024 119.284 0.564 2.560
7 3.728 2.040 61.206 1.146 0.749 5.687 170.618 3.195 2.090
8 3.078 1.760 48.889 0.242 0.572 2.720 75.548 0.373 0.880
9 2.886 3.500 134.100 0.400 1.252 7.665 293.666 0.875 2.740

10 3.059 3.440 71.667 0.524 1.004 5.597 116.600 0.852 1.630
11 3.345 2.810 55.098 0.301 1.079 5.777 113.267 0.618 2.220
12 3.211 3.260 59.817 0.268 0.904 4.383 80.423 0.361 1.220
13 4.588 3.840 132.414 0.376 1.012 10.272 354.208 1.006 2.710
14 4.989 1.430 75.661 0.280 1.149 2.855 151.036 0.560 2.290
15 2.141 5.000 158.730 1.185 1.770 9.935 315.392 2.354 3.520
16 2.714 1.720 23.562 0.161 0.586 8.991 123.162 0.841 3.060
17 3.728 3.240 43.200 0.289 1.014 4.046 53.945 0.361 1.270
18 3.861 1.690 25.337 0.179 0.499 7.372 110.532 0.782 2.180
19 1.912 0.980 13.611 0.129 0.378 4.585 63.685 0.602 1.770
20 1.204 0.180 3.169 0.039 0.079 2.315 40.759 0.501 1.020
21 2.275 2.510 43.276 0.343 1.031 3.574 61.618 0.489 1.470
22 3.479 0.670 17.179 0.087 0.263 1.686 43.225 0.219 0.660
23 2.350 2.060 34.915 0.298 0.697 4.900 83.051 0.708 1.660
24 1.690 3.940 57.941 0.294 0.754 13.037 191.716 0.973 2.500
25 2.260 1.340 22.333 0.111 0.707 8.002 133.364 0.661 4.220
26 1.870 1.054 21.080 0.085 1.415 0.607 12.138 0.049 0.810
27 1.780 0.140 4.242 0.079 0.134 0.427 12.941 0.240 0.410
28 1.800 0.110 3.438 0.016 0.047 0.629 19.667 0.094 0.270
29 2.570 0.770 19.643 0.095 0.552 1.573 40.138 0.194 1.130
30 3.200 0.610 14.770 0.093 0.258 1.911 46.260 0.293 0.810
31 5.770 0.790 17.325 0.077 0.276 2.697 59.150 0.262 0.940
32 3.760 2.030 45.772 0.683 3.099 2.787 62.845 0.938 4.260
33 2.920 0.570 16.147 0.204 0.884 3.147 89.150 1.127 4.880
34 3.680 1.380 28.992 0.318 1.155 3.880 81.513 0.893 3.250
35 3.270 0.840 16.535 0.212 0.459 0.550 10.827 0.139 0.300

Fictitious examples of patients
MCP III 2.990 2.740 76.990 0.400 1.310 6.500 172.770 0.900 2.936
DRESP III 1.130 2.740 76.990 0.400 1.310 6.500 172.770 0.900 2.936
D III 2.990 2.740 76.990 0.400 1.310 0.000 3.370 0.005 0.060
DSCCR 2.990 0.110 3.170 0.020 0.047 6.500 172.770 0.900 2.936
DCPLX III 1.130 0.110 3.170 0.020 0.047 0.000 3.370 0.005 0.060

The rate of oxygen consumption (Resp.III) is expressed in natom O/min/mg tissue.
The enzymatic activities are expressed in mmol/min/g tissue.
Fictitious patients: MCP III, DRESP III, D III, DSCCR and DCPLX III are described in the projection of patients section.
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complexes, especially for complex IV. This subset
could indicate a special mitochondrial pathology with
early onset. This is also indicated by the fact that two
of three Leigh patients (7 and 13) belong to this
subgroup. However, the existence of such a subgroup
needs to be confirmed with a larger number of pa-
tients.

Additionally, there does not seem to be any differ-
ence between males and females in Figure 4. How-
ever, this set of 35 patients includes only 8 females.

The representation of the measurements for all
complexes in Figure 4 gives a good representation of
all of the respiratory chain defects. Nevertheless, a
more detailed diagnosis requires an analysis of the

data complex by complex, as performed in Figures 1,
2, and 3, especially in the case of the third subset
situated between the subset of all deficiencies and
those without deficits.

A problem encountered in mitochondrial cytopathy
studies is to reveal the most discriminating variables
for the determination of a deficit. The orthogonal
projection of the weight vectors (cf. biplot) on the
abscissa, which is the most discriminating axis in our
study, offers a solution: the greater the value of such a
projection, the more discriminating the variable for the
diagnosis. Analysis of the results shows that for all
three complexes, the polarographic study is the least
discriminating factor. This can be explained by the

Table 5. Complex IV Activity Data

Cases Resp. IV COX COX/PC COX/CS Cox/SDH CS SDH Age (months)

1 2.112 21.700 479.029 0.719 11.698 30.200 1.855 5.000
2 3.814 12.100 395.425 1.050 12.670 11.520 0.955 12.000
3 1.914 5.500 275.000 0.426 4.490 12.900 1.225 0.070
4 3.133 6.100 217.857 0.381 4.784 16.000 1.275 24.000
5 4.310 4.350 207.143 0.372 6.850 11.680 0.635 0.100
6 4.934 19.820 392.475 1.856 8.416 10.680 2.355 72.000
7 3.559 12.770 383.138 7.174 4.686 1.780 2.725 8.000
8 3.091 10.860 301.667 1.491 3.532 7.285 3.075 24.000
9 3.360 23.360 895.019 2.667 8.358 8.760 2.795 2.000

10 3.431 22.500 468.750 3.425 6.569 6.570 3.425 132.000
11 3.899 16.600 325.490 1.777 6.372 9.340 2.605 36.000
12 3.615 15.070 276.514 1.240 4.180 12.150 3.605 24.000
13 5.033 23.500 810.345 2.302 6.192 10.210 3.795 5.000
14 5.373 10.270 543.386 2.014 8.249 5.100 1.245 14.000
15 3.190 23.500 746.032 5.569 8.319 4.220 2.825 2.000
16 4.324 11.830 162.055 1.107 4.031 10.690 2.935 12.000
17 9.527 16.360 218.133 1.459 5.121 11.210 3.195 30.000
18 5.033 9.180 137.631 0.973 2.712 9.430 3.385 8.000
19 4.253 8.580 119.167 1.126 3.306 7.619 2.595 2.000
20 3.771 1.370 24.120 0.296 0.605 4.622 2.265 1.000
21 4.296 15.100 260.345 2.065 6.201 7.314 2.435 3.000
22 4.282 5.200 133.333 0.676 2.043 7.695 2.545 9.000
23 5.300 16.100 272.881 2.327 5.448 6.920 2.955 120.000
24 4.670 11.700 172.059 0.873 2.239 13.400 5.225 144.000
25 3.660 12.960 216.000 1.070 6.839 12.114 1.895 168.000
26 4.170 8.280 165.600 0.664 11.114 12.470 0.745 7.000
27 1.690 0.800 24.242 0.450 0.766 1.778 1.045 2.000
28 2.240 1.180 36.875 0.175 0.503 6.730 2.345 4.000
29 5.990 3.040 77.551 0.374 2.179 8.127 1.395 60.000
30 4.260 4.530 109.685 0.694 1.915 6.527 2.365 5.000
31 7.240 6.430 141.009 0.624 2.244 10.311 2.865 60.000
32 4.120 4.160 93.799 1.400 6.351 2.971 0.655 18.000
33 5.000 3.400 96.317 1.217 5.271 2.794 0.645 7.000
34 4.110 9.380 197.059 2.160 7.849 4.343 1.195 54.000
35 4.110 4.700 92.520 1.186 2.568 3.962 1.830 18.000

Fictitious examples of patients
MCP IV 4.300 17.310 451.240 2.480 7.070
DRESP IV 1.690 17.310 451.240 2.480 7.070
DCOX 4.300 0.800 24.120 0.180 0.500
DCPLX IV 1.690 0.800 24.120 0.180 0.500

The rate of oxygen consumption (Resp.IV) is expressed in natom O/min/mg tissue.
The enzymatic activity are expressed in mmol O/min/g tissue.
Fictitious patients: MCP IV, DRESP IV, DCOX and DCPLX IV are described in the projection of patients section.
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existence of a threshold in the expression of the
enzyme deficiency on the respiratory flux. For in-
stance, we have shown that as low as 30% of the
cytochrome c oxidase (COX) activity is sufficient to
maintain a normal respiratory rate (Letellier et al,
1992, 1993, 1994; Rossignol et al, 1999). Thus, it is
difficult to demonstrate the presence of a deficit in a
respiratory chain complex from the polarographic
study. However, even if the polarographic measure-
ments do not help to detect a respiratory chain
defect, it does not imply that polarographic studies
are of little value for the final diagnosis of a mito-
chondrial cytopathy. On the contrary, respiration
rate measurements are the only way to detect
uncoupled respiratory chain, coenzyme Q (CoQ),
and cytochrome c deficiencies or to detect defects
outside the respiratory chain (pyruvate dehydroge-
nase [PDH], ATPsynthase, etc.).

Standardization of the activities is often presented
as a way to obtain better discriminating variables. The
choice of the activity used for standardization has
physiologic significance. Normalizing by CP means
that the amount of mitochondrial complex activity is
compared with the cell content. On the other hand,
normalizing by CS or SDH means that the complex
activity is compared with the content in mitochondria,
based on a matrix or membranous activity. Figures 1
to 3 show that the projection of variables and their
normalization by CP and SDH are projected in the
same area on the biplot. On the other hand, standard-
ization by CS gives slightly different results, which can
be explained by the wide variability of this activity in
our hands. As a rule, all variables should be consid-
ered for analysis. Nevertheless, our PCA results show
that the relative weights of the raw activities and their
standardizations by CP and SDH are always greater

than those of standardization by CS (when the first
two principal components are used). It is to be noted
that the same results are also obtained from regres-
sion analysis, scatter plots, and the analysis of corre-
lations (data not shown).

Another contribution of the PCA method is in the
detection of anomalous observations, which are pro-
jected far from the main cloud(s) of patients. Some of
them may be because of transcription or coding
errors, with severe consequences for the diagnosis,
and can be corrected in this way.

In summary, the analysis of our data set, focused on
the defects in respiratory chain complexes I, III, and IV,
clearly differentiates between affected and unaffected
subjects for these complexes (see Table 1). Our anal-
ysis also evidences a borderline subgroup of patients
in between, which deserves further independent anal-
ysis. The consideration of all of the 23 variables
together evidences a great number of patients with
simultaneous deficits in all complexes, and a sub-
group of newborns with high values of the variables.
Other variables (eg, state 4 respirations, respiration on
fatty acids, pyruvate dehydrogenase activity, ATPsyn-
thesis, etc.) can be added to the original set of data
and treated in the same manner to detect other types
of deficiencies, particularly those outside the respira-
tory chain.

In conclusion, the advantage of PCA is to give an
objective conclusion, which is difficult to obtain by
classical statistical methods because of the great
number of variables, the limited number of patients,
the large variability of the data, and the absence of an
actual control sample. The PCA method, particularly
the result presentation on simple graphs allowing a
localization of patients in subgroups, could help clini-
cians in making diagnoses.

Figure 1.
Principal component analysis (PCA)results for complex I. M: Complex I deficiency; F: No complex I deficiency. DRESP I, D I, and DNCR indicate the fictitious patients
built with the minimal values of Table 3 for Resp. I, DI, and DNCR respectively, the other variables taking the mean value calculated on the control population; DCPLX
I indicates the fictitious patient built with all of the previous variables at their minimal values. MCP I indicates the fictitious patient built with the mean value of all
of the variables calculated on the control population defined by the first principal component (comp.1) . 0.
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Materials and Methods

Patients

Thirty-five children, suspected of mitochondrial dis-
ease, were selected at the Centre Hospitalier Régional
de Bordeaux, France. The patients, 27 male and 8
female, ranged from 2 days to 14 years of age (mean
age: 31.20 months; median age: 12 months). Patients
were diagnosed by clinical examinations, biologic
studies (especially blood lactate and pyruvate levels)
and histochemical studies (Table 1). Control muscle
biopsies were taken from patients who underwent
muscle biopsy for neuromuscular symptoms but were
ultimately found free of any mitochondrial disease.
Muscle biopsy was taken from the quadriceps muscle
under general anesthesia (with informed consent from
the parents).

Biochemical Study

Oxygen consumption rate was measured polaro-
graphically at 30° C on permeabilized muscle fibers as
described in Letellier et al (1992). The respiratory
activities (Resp. I, Resp. III, and Resp. IV) were ex-
pressed in natom O/minutes/mg fiber.

The polarographic study was complemented by
biochemical assays in which the activity of each
respiratory chain complex was measured. The activi-
ties of the different respiratory chain complexes were
evaluated by their capacity to transfer electrons from a
natural substrate of the chain, NADH, succinate,
ubiquinol, or cytochrome c (II), to an electron accep-
tor, oxygen, ubiquinone, or cytochrome c (III). The
choice of electron donor and acceptor and the utiliza-
tion of specific inhibitors made it possible to restrict
the transfer of electrons to a single part of the respi-

Figure 2.
(A) PCA results for complex III. M: Complex III deficiency; F: No complex III deficiency. DRESP III, D III, and DSCCR indicate the fictitious patient built with the
minimal values of Table 4 for Resp. III, DIII, and SCCR respectively, the other variables taking the mean value calculated on the control population; DCPLX III indicates
the patient type built with all of the previous variables at their minimal value. MCP III indicates the fictitious patient built with the mean value of all of the variables
calculated on the control population defined by comp.1 . 0. (B) Same as (A) without patients 4 or 15.
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ratory chain. Substrate oxidation rates or acceptor
reduction rates were measured spectrophotometri-
cally. The whole set of experiments and the method-
ologies and abbreviations used are summarized in
Table 2. All of the enzymatic activities were measured
on a crude muscle homogenate and expressed in
mmoles of product formed per minutes and per gram
of tissue (Letellier et al, 1992).

To take into account a possible heterogeneity of
mitochondrial distribution in the different biopsies, the
results are normalized by CP, CS, and SDH activities.
The biochemical data characterizing each patient are
summarized in Tables 3 to 5. The zero values of DI
measurements in Table 3 (patients 2, 5, 29, and 30) are
due to the insensitivity to rotenone inhibition revealed
in the calculation of the final DI value; thus, these

values are not in contradiction with the nonzero values
of I1III measurements, but are the indication of an
alteration, which will appear in Figure 1.

PCA

PCA is concerned with interpreting the variance-
covariance structure through a limited number of
linear combinations of the original variables. Its gen-
eral objectives are dimension reduction and ease of
interpretation. To this purpose, the design of the new
variables as linear combinations of the original ones
(the principal components) is such that the first new
variables will preserve most of the information con-
tained in all of the original ones. If we restrict ourselves
to the first two principal components, which, in our

Figure 3.
PCA results for complex IV. M: Complex IV deficiency; F: No complex IV deficiency. DRESP IV and DCOX indicate the fictitious patient built with the minimal values
of Table 5 for Resp. IV and COX respectively; DCPLX IV indicates the fictitious patient built with all of the previous variables at their minimal value, the other variables
taking the mean value calculated on the control population. MCP IV indicates the fictitious patient built with the mean value of all of the variables calculated on the
control population defined by comp.1 . 0.

Figure 4.
PCA results for all complexes. F: No complex deficiency; M: Deficiency in all complexes; L: Deficiency in complex I or in complex IV only; ‚: Deficiency in complexes
I and III; E: Deficiency in complexes I and IV.
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case, maintains more than 54% of the variability (see
“Results”), the results may be represented graphically
by a biplot. The biplot makes it possible to project
both the original variables and the transformed obser-
vations onto the plane spanned by the first two
principal components. The original variables are rep-
resented by arrows, which indicate the proportion of
the variability explained in the first two principal com-
ponents. The direction of the arrows shows relative
“loadings” of the original variables on the first and
second principal components, ie, the participation of
the original variables in the construction of the first two
principal components (for details see Jolliffe, 1986,
1992). PCA is performed according to the usual
method (see for example Jolliffe, 1986, 1992 with
S-Plus v. 3.2 (Venables and Ripley, 1994) for details on
this software) using the data of Tables 3 to 5.
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