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Current interest in disease of the muscles has
emphasized the need for information concerning
chemical changes within affected muscle. For
this reason we have analyzed during the past four
years specimens of muscles of patients suffering
from primary progressive muscular dystrophy
and other diseases involving the musculature.
Aside from the desirability of securing data for
theoretical purposes, it was our object also to
learn whether changes occurring in these diseases
were sufficiently characteristic to be applied for
differential diagnostic or therapeutic purposes.
Our studies were planned in conjunction with
therapeutic trials of glycine and other agents in
muscular dystrophy. When possible, specimens
were secured before, during, and after treatment
for the purpose of ascertaining effects upon the
composition of muscle. Our observations have
been discussed, in part, in an earlier report (17)
dealing with treatment of progressive muscular
dystrophy, although publication of chemical data
was deferred pending investigation of additional
patients. The present paper describes the results
of chemical examinations made upon patients
whose histories were included in the report men-
tioned as well as others studied subsequently.

EXPERIMENTAL

This report includes results of examination of
muscle removed at biopsy from 12 patients suf-
fering from progressive muscular dystrophy and
from 16 patients with other diseases involving

1 The name " Aminoacetic Acid " has been adopted by
the Council on Pharmacy and Chemistry of the Ameri-
can Medical Association in preference to glycine (18).

2 This investigation has been made with the assistance
of a grant from the Committee on Therapeutic Research,
Council on Pharmacy and Chemistry, American Medical
Association.

muscles primarily or secondarily. Eight of the
patients treated for progressive muscular dystro-
phy by administration of glycine or creatine sub-
mitted to additional biopsies after receiving these
substances for varying periods. Except where
other muscles are mentioned, specimens were re-
moved from the medial portion of the vastus
externus.

Specimens were excised rapidly and prepared
for analysis as described previously (17). The
trichloroacetic acid extract of muscle, prepared
at 00 C., was analysed according to the procedure
of Eggleton and Eggleton (9) for total acid sol-
uble phosphorus, phosphocreatine (barium soluble
fraction hydrolysed rapidly by acid at 200 C.),
soluble ester phosphorus (the remainder of the
barium soluble fraction after subtracting phos-
phocreatine), inorganic phosphate (directly deter-
mined barium insoluble fraction), and adenosine
triphosphate (barium insoluble phosphate lib-
erated by 7 minute hydrolysis at 1000 C. in nor-
mal acid). When it was not possible to prepare
extracts of muscle in the cold, analyses of labile
phosphate compounds were omitted. Phosphate
was determined by the method of Fiske and Sub-
barow (10) and creatine by the method of Folin
(11). When sufficient material was available,
determinations of fat, nitrogen, and water were
included. Results are expressed in terms of fat-
free muscle when the concentration of fat was
known.

Clinical and necropsy findings (available in 3
cases) and results of microscopic examination of
muscle were given consideration in establishing
diagnoses. Protocols and salient details of micro-
scopy of 8 patients have been described in the
earlier article cited. Histological studies of mus-
cle were made by Dr. R. P. Custer.
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RESULTS

Chemical analyses of specimens of muscle of
patients with progressive muscular dystrophy are

shown in Table I. Data in this table are arranged
according to the severity of the disease interpreted
in terms of ability to use the voluntary muscles.

In the early stages of muscular dystrophy,
despite the absence of marked functional impair-
ment, creatine concentrations already were low-
ered. Further loss of creatine and of other con-

stituents known to participate actively in muscle
metabolism occurred as the disease advanced. In
the late stages, exceptionally low concentrations
were found. Infiltration of fat explained much
of the loss; however, when allowance was made
for this factor, concentrations remained below
those similarly calculated for normal muscle.
Solids other than fat were decreased in many

specimens, at times considerably. Replacement of
contractile by fibro-areolar tissue, an outstanding
change in many specimens, likewise acted to di-
minish concentrations of extractives. Estimates
based on the amount of connective tissue shown
by examination under the microscope suggested
that this factor also could not account for changes
in extractives. A definite conclusion is not pos-
sible until quantitative measurement of connective
tissue is accomplished.

Total acid soluble phosphorus of primary dys-
trophic muscle usually was lowered, roughly in
proportion to the diminution of creatine. How-
ever, several specimens contained acid soluble
phosphorus in concentrations within or near nor-

mal limits in the presence of low concentrations
of creatine. Possibly, phosphorus from calcified
necrotic areas may have contributed to bring
about such disproportionately high values. In
normal muscle the concentration of creatine was

2.5 to 3 times that of total acid soluble phos-
phorus. As shown in Table I, this ratio is fre-
quently lowered in progressive muscular dystro-
phy, and for a time this fact was regarded as

evidence of creatine deficiency in this disease.
Subsequently, similar values were found, not un-

commonly, in secondary disease of the muscles.
Creatine combined as phosphocreatine showed

declines from the normal that often exceeded the
change in total creatine. This was true particu-
larly when the disease was advanced. At this
stage approximately one-half of the creatine was

present as phosphocreatine as compared with two-
thirds so combined in earlier stages.

In addition to the decrease in concentration of
phosphorus combined with creatine, phosphorus
measured as adenosine triphosphate (or adenyl
pyrophosphate) was diminished in comparison

TABLE I

Composition of voluntary muscle in progressive muscular dystrophy

Phosphorus

Date PatienttAge DurationMuscle TtlPopAde- Total Wtr Ether Micro-Date Patientt Age | Duration |creatine acid hPhospo- Soluble Inor- nosine nitrogen Water extract scopic
soluble creatine ester ganic triphos-phate

grams per 100 grams per
years years mgm. per 100 grams of fat-free muscle grams of fat-free 100 grams grade*

muscle of muscle
Apr. 15, 1934 ...... Rutl. 17 9 162 145 B
May 17, 1933 ...... H.J.(7) 12 M/ 219 109 32 25 19 31 2.88 82.0 21.5 B
May 17, 1933 ...... T.J.(8) 13 1 161 99 25 18 17 26 3.39 79.5 23.5 B
Mar. 5, 1935...... Morro 17 2 139 74 B
Jan. 10, 1933. R.M.(3) 27 7 388 276 86 56 44 89 2.86 81.8 61.3 B
Jan. 31, 1933 ...... H.M.(6) 10 2 150 52 12 8 16 14 3.03 81.1 19.3 C
Jan. 31, 1933. ..... JM(5) 11 4 87 53 11 11 16 17 1.74 88.1 26.0 C
Jan. 31, 1933 ...... A.S.(4) 8 5 37 24 6 2 9 7 3.64 77.4 40.0 D
July 8,1932...... L.G.(2) 45 15 55 14 6 5 1.42 90.8 27.0 D
June 2, 1932 ...... H.M.(1) 28 19 99 37 12 4 10 10 1.81 89.0 71.6 D
Jan. 21, 1937 ...... Pars. 18 10 116 52 75.0 C
June 1, 1934 ...... Roger 30 20 186 64 2.73 82.8 44.0 C

* B = slight deterioration. C = marked deterioration. D = severe deterioration.
t Numbers in parentheses refer to case numbers of preceding article (17).
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with normal concentrations. Inorganic and sol-
uble ester phosphorus, although decreased in con-
centration along with other fractions, constituted
a larger proportion of the total acid soluble phos-
phorus in dystrophic muscle than in normal mus-
cle. This relative gain was at the expense of
phosphocreatine phosphate and adenosine triphos-
phate.

Degeneration of muscle did not occur uni-
formly in progressive muscular dystrophy. Not
only were certain groups of muscles affected be-
fore and with greater severity than others, but
variation occurred within the muscle as well. Fi-
bers in various stages of degeneration were seen
together with normal fibers. Larger areas of
muscle differed in concentration of creatine, phos-
phorus, and fat. Table II shows the composition

TABLE II

Composition of specimens removed 20 hours postmortem from
different portions of right and left vastus externi.

(Progressive muscular dystrophy)

Creatine Acid soluble Total W Ether
phosphorus nitrogen Wate extract

mgm. per 100 grams grams per 100 grams per
offat-free muscle offat-free musck cent

Right
Distal ... 166 67 2.66 80.1 60.9
Medial. .. 225 95 2.69 77.0 47.5
Proximal. 183 63 2.30 80.4 42.6

Left
Medial... 142 52 2.84 77.9 27.2

of specimens removed postmortem from scattered
areas of the same muscle and of the corresponding
muscle of the opposite leg of a patient who had
suffered many years from progressive muscular
dystrophy. Portions of muscle that differed
widely in appearance were selected purposely so

as to ascertain the extent of variation in chemical
composition. The differences observed consider-
ably exceeded those encountered in the course of
multiple biopsies from a restricted area or from
patients in whom the disease had not reached a

terminal stage.
The clinical effects of glycine therapy upon

these patients have been described in our pre-

ceding article (17) which included also a brief
summary of alterations occurring within the mus-

cles. The examination of the muscles of patients
suffering from progressive muscular dystrophy
after varying periods of glycine feeding (up to

1 year) showed that decided abnormalities, both
chemical and histological, persisted. However,
higher concentrations of extractives found in
muscle suggested that the glycine fed had stimu-
lated regeneration of muscle. Unfortunately,
only 8 patients could be induced to submit to
serial biopsies and while 6 showed significant
gains in chemical composition of muscle following
treatment, this number is insufficient to exclude
chance variation. Such improvement, if it may
be so considered, was not manifested clinically
despite the fact that glycine was administered for
as long as 23 months to two patients. Similar
trials with creatine showed no favorable effects.
The composition of muscle remained unchanged
or exhibited additional evidence of deterioration.
The distribution of acid soluble phosphorus re-
mained unaffected by either glycine or creatine
therapy.

Analyses of muscle similar to those made in
progressive muscular dystrophy have been made
in other diseases involving the musculature to
learn whether changes observed were peculiar to
dystrophy or of more general occurrence (Table
III). With the exception of one patient who had
myasthenia gravis, and one with myositis, involve-
ment of the muscles was caused either by im-
paired metabolism or by disease primarily of the
nervous system.

In myasthenia gravis (Patient 33), the only
distinctly abnormal result was the exceptionally
high concentration of soluble ester phosphorus.
Nevin (16) also found this to be the sole note-
worthy chemical change in muscle in this disease.
Likewise, Collazo, Barbudo, and Torres (5) ob-
served no distinctive deviation from normal in
muscle of a patient suffering from severe myas-
thenia gravis. In Table III, it is seen that the
concentration of creatine is not far from normal
and not nearly as low as in progressive muscular
dystrophy. While Williams and Dyke (19) re-
ported lowered creatine concentrations in muscle
in myasthenia gravis, the method employed fails
to measure creatine quantitatively.

Osteitis fibrosa cystica (secondary to parathy-
roid adenoma), in Patient 34 whose muscles we
examined, was accompanied by painful sensations
and pronounced weakness in the voluntary mus-
cles. Large amounts of creatine were excreted in
the urine. Muscle creatine and phosphocreatine
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TABLE III. PART I

Composition of voluntary muscle in diseases other than muscular dystrophy, including musdes normal in appearance

Pa-
tient Date Patient Sex Age Diagnosis Dtiora Functional

Biopsy
ber

years years

19 Oct. 2, 1934 Towk M Questionable trichinosis Weakness Deltoid; normal
of legs

20 April 22, 1934 And. M 27 Trichinosis suspected; unconfirmed None Normal
21 July 10, 1937 Rich. F Hypertensive cardiovascular disease None Normal
22 Feb. 21, 1934 Vanc M 49 Progressive atrophy secondary to de- 10+ Slight Atrophied fibers

generation of central nervous system
of circulatory origin

23 Feb. 21, 1934 Baer M 40 Muscular atrophy 5 Moderate Resembled muscular
.dystrophy

24 Feb. 21,1934 Vedd M 42 Progressive muscular atrophy second- 7 Moderate Slight atrophy
ary to degeneration of central nerv-
ous system of circulatory origin

25 Oct. 2, 1934 Lewi M 68 'Progressive atrophy 30 Moderate Severe atrophy
26 Feb. 3,1936 Famb M 32 Multiple sclerosis 7 Moderate Hypertrophy
27 Feb. 15, 1937 Di Fi M 43 Progressive spinal muscular atrophy Moderate Focal atrophy, minor

28 Dec. 11, 1935 Seo. M Undetermined Moderate degeneration
29 Jan. 23, 1937 McLa M 28 Muscular atrophy, postinfluenzal 6 Moderate Atrophy
30 Aug. 21, 1935 Lohr M 35 Landry's ascending paralysis of un- 1/12 Moderate Vastus externus

a known etiology Proximal
b Distal
c Deltoid

31 Oct. 29, 1936 Tara M Amyotrophic lateral sclerosis Marked Atrophy, degeneration
32 Dec. 21, 1935 Cande M 44 Amyotrophic lateral sclerosis 1/2 Marked; Simulated progressive

total muscular dystrophy
areflexia

33 Feb. 3,1934 Engel F 33 Myasthenia gravis 2 Marked Atrophy
34 Feb. 3,1934 Raim M 45 Hyperparathyroidism, osteitis fibrosa 1 Moderate

cystica
35 April 27, 1933 Stan. F 38 Disuse atrophy, inanition 2 Moderate Atrophy
36 April 27, 1933 Tayl F 63 Diffuse myositis 1/4 Marked Chronic inflammation

were lowered. The proportion of total acid sol-
uble phosphorus present as inorganic phosphorus
was increased.

The effects of semi-starvation for months upon
the composition of muscle is illustrated by Patient
35 (Stan.). Weakness and atrophy were out-
standing symptoms, and striking improvement
followed forced feeding. While both creatine and
total acid soluble phosphorus were lowered, there
was no significant change in the distribution of
phosphorus.

Changes in muscle occurring in myositis were
discussed in our earlier paper. Losses of creatine
and total acid soluble phosphorus are comparable
with those in dystrophy (Patient 36). In con-
trast to the latter, the distribution of acid soluble
phosphorus differed less from normal.

Impairment of the muscles, obviously secon-

dary to diseases of the nervous system, existed in
10 patients (Patients 22 to 27, and 29 to 32).
This group, like the others already discussed, in-
cluded various grades of involvement of the mus-
cles. Compared with the results in muscular dys-
trophy, chemical changes were not as pronounced,
although the duration of the disease was equal to
or in excess of that of the dystrophic patients.
The distribution of phosphate did not differ sig-
nificantly from normal. It is apparent from Ta-
ble III that in most patients the concentration of
creatine had been sustained near normal levels or
had not diminished greatly. Exceptionally low
values were found only in two, both diagnosed
amyotrophic lateral sclerosis. In the latter, re-
placement of muscle fibers by fat and fibro-areolar
tissue was widespread, and the resemblance to
dystrophic muscle was close.
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PART II

Urine Muscle*

No. Phosphorus
Preformed Creatine as . Total Ether
creatinine creatinine Creatl Total acid Phospho- Soluble Adenosine nitrogen Water extract

soluble creatine ester Inorganic triphosphate

grams per 24 hours mgm. per 100 grams of muscle grams per 100 grams of muscle

19 449 164

20 296 122 50 12 14 40
21 435 175
22 0.230 0.389 482 137 72 8 6 33 3.14 72.6 8.9

23 372 181 2.66 71.0 9.0

24 0.169 0.419 350 171 1.88 77.1 8.9

25 0.217 0.107 321 126 52 17 20 35 2.55 76.5 7.5
26 269 134
27 263 117

28 217 124
29 209
30a 161 133

b 151
c 136 125 781.7

31 119 91
32 89(R)t 53(R)t

86(L)t 57(L)t
33 0.829 0.383 320 154 54 40 8 45 2.94 75.8 3.7
34 0.504 0.336 260 134 30 24 31

35 0.201 0.183 258 85 39 5 22 17
36 0.304 0.253 175 85 33 9 22 24 2.04 74.7 10.9

*When italicized, values are calculated on fat-free basis.
t (R) = Right.

(L) = Left.

Specimens from muscle normal in function and
appearance were secured from Patients 19 and 20
suspected of trichinosis, but in whomneither par-
asites nor inflammation of muscles were found,
and also from a patient suffering from hyper-
tensive cardiovascular disease. Creatine concen-
trations were within the limits of normal estab-
lished by Bodansky (1) and Corsaro (6) in two
patients, and lower in the third. Few figures are
available for concentrations in human voluntary
muscle of phosphocreatine and other fractions of
the acid soluble phosphate. Nevin (16) has pub-
lished analyses for these substances in 6 normal
human subjects. Our values for phosphocreatine
and inorganic orthophosphate agree well with
those of Nevin; however, we find less adenosine

triphosphate and more soluble ester phosphorus.
Our data are similar to those of Eggleton (8),
Milroy (15) and others who have analysed animal
muscles.

DISCUSSION

The effect of disease upon the composition of
muscle has not been investigated extensively.
Brand and Harris (4), Nevin (16), Collazo, Bar-
budo, and Torres (5), and Debr'e, Marie, and
Nachmansohn (7) have analysed phosphate com-
pounds of the muscles of patients suffering from
myopathies. The last named group determined
glycogen and lactic acid as well. Low concentra-
tions of creatine in muscle were found in myositis
fibrosa by Bodansky, Schwab, and Brindley (2)
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and in myositis ossificans by Bodansky and
Schwab (3). Nevin (16) has compared a num-
ber of diseases in regard to muscle chemistry.
Hines and Knowlton (12) have studied quanti-
tatively the rate of loss of muscle extractives that
follows denervation, while Chor, Dolkart, and
Davenport (20) have correlated histological and
chemical changes in muscles of cats and monkeys
after denervation.

Our studies show that changes in composition
of voluntary muscles were more pronounced in
progressive muscular dystrophy than in most of
the other diseases investigated including myasthe-
nia gravis, secondary involvement of muscle due
to disease of the central nervous system, or cer-
tain disturbances of endocrine origin. Changes
comparable to those observed in progressive mus-
cular dystrophy were encountered in polymyositis
and in amyotrophic lateral sclerosis.

Our experience suggests that chemical analysis
can be used advantageously in the study of muscle
involvement. It seems probable that analysis of
muscle can supplement microscopy for quantita-
tive evaluation of impairment and that it perhaps
is capable of supplying information not otherwise
procurable. Although many constituents of
muscle are affected, determinations of phosphate,
creatine, and possibly glycogen are the more prac-
ticable, while analyses of fat and water are de-
sirable. According to data now available, low
concentrations of extractives denote deterioration
of muscle tissue. On the other hand, poor func-
tion associated with comparatively normal chemi-
cal composition appears to characterize diseases in
which the defect is primarily one of transmission
of impulses. However, it is evident that there is
no sharp differentiation between the so-called my-
opathies and neuropathies. Amyotrophic lateral
sclerosis, for example, showed loss of creatine
from the muscle comparable to that in progressive
muscular dystrophy, yet the former is regarded
by most authorities as belonging to the group of
neuropathies.

Although differing appreciably from normal,
the distribution of acid soluble phosphorus in the
badly deteriorated muscle of advanced dystrophy
was not changed to the extent anticipated on the
basis of morphological alteration. Inhibition of
chemical reactions of the muscles, including those
involved in hydrolysis of phosphate compounds

provides an explanation. That hydrolysis follow-
ing stimulation does not occur as readily in dis-
eased as in normal human muscle is shown by
Nevin's data (16). In his experiments, no de-
crease in adenosine triphosphate and little change
in phosphocreatine occurred after stimulation of
badly degenerated muscle. Muscles less severely
involved showed an appreciable hydrolysis of
phosphate compounds as did also normal muscle.

Presumably, deficiencies with respect to phos-
phocreatine and adenosine triphosphate were re-
lated since phosphorylation in muscle involves
both in linked reactions. Interference at any of
several steps in the phosphorylation process would
lead to impairment of phosphocreatine resynthesis
with diminished concentration of this substance.
Loss of diffusion of creatine remaining uncom-
bined would follow. Actually, we have found less
creatine combined as phosphocreatine in most of
the dystrophic muscles when comparison is made
with muscles in other diseases studied.

Through the collaboration of Doctor William
A. Wolff and Professor D. Wright Wilson, sev-
eral specimens of biopsied muscle from patients
with progressive muscular dystrophy were ana-
lysed by the colorimetric method for carnosine
(13, 14). It was found that carnosine was pres-
ent although in low concentrations as compared
with the normal. The decrease was equivalent to
that exhibited by other acid-soluble extractives in
the same specimens of muscle.

SUMMARY

1. The chemical composition of muscle in pro-
gressive muscular dystrophy was altered more ex-
tensively than in diseases with secondary atrophy
of the muscles. Changes comparable to those
found in progressive muscular dystrophy were
observed in diffuse myositis and amyotrophic lat-
eral sclerosis.

2. In progressive muscular dystrophy, -concen-
trations of creatine and other substances extrac-
tible by dilute acid were diminished. Phospho-
creatine and adenosine triphosphate constituted a
smaller proportion and soluble ester phosphorus
and inorganic phosphorus a larger proportion of
the total acid soluble phosphorus compared with
control specimens of muscle normal in appear-
ance.

3. Chemical analysis of muscle can be used to
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supplement clinical and histological examination
in diagnosis and in measurement of deterioration
of muscle.

Weare indebted to Doctors J. W. McConnell, George
Wilson, Joseph C. Yaskin, Bernard Alpers, and their
assistants of the Department of Nervous Diseases, Phila-
delphia General Hospital, for clinical observations and
diagnoses.
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