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FOREWORD

We can only stop and gaze in bewilderment at this complex marvelous “machine” we call the
human body. Undoubtedly its secrets of function and its ability to reproduce itself without a blue-print of
our design, stimulates our desire to unveil the mysteries of its workings “in vivo”, while it is still
functioning, and even more so, for diagnosis, when it is malfunctioning. There are many panels to peek
through into this “machine”, for a biopsy; body composition is one of them. It is fundamentally upon us
to further our knowledge of the composition of the body;s various compartments at the atomic, molecular,
cellular, and organ levels. However, this inquiry is hampered by the constraints imposed on the quality of
data we can retrieve, by various sizes, shapes, and types of “machines”, which will affect these
compartments, and by the restrictions imposed by the limitations on the radiation doses, and the costs,
involved. Nevertheless, the desire to analyze without opening the covers has led to an array of ingenious
instruments, based on a variety of analytical methods that extend our normal senses of touch and vision,
which are in turn continuously improved by the new instruments we may evolve. This conference
depends in equal parts on the inventiveness of our previous efforts, and on the vision that the physicists
among us are now applying in presenting a new method.

.. science is based on confirmation of a thought and that is where the art of measurement is coming in...

Lucian Wielopolski
5/01/01
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EXECUTIVE SUMMARY

A special one-day workshop was held to review the status, the need for, and the future role of
BNL in the Body Composition Analysis Program (BCAP). Two speakers succinctly outlined the status
and future new developments using gamma nuclear resonance technology as it applies to BCAP. Seven
speakers from three institutions outlined the continued need for BCAP and presented new clinical
applications of BCAP in theirs respective fields of expertise. Extensive increase in the use of surrogate
mstrumentation, e.g., DXA and BIA, in BCAP was recognized as a significant contributing factor to the
growth in BCAP. The growing role of MRI in BCAP was also emphasized.

In light of these developments BCAP at BNL, with its specialized In Vivo Neutron Activation
(IVNA) facilities, was recognized as a unique user oriented resource that may serve the community
hospitals in the area. Three regional large institutions expressed their desire to use these facilities. In
addition, IVNA provides direct measure of the human compartments in vivo, thus providing a gold
standard for the surrogate methodologies that are in use or to be developed. It was strongly felt that there
is a need for a calibration center with a national stature for the different methodologies for in vivo
measurements, a role that befits very well a national laboratory. This offers an exquisite justification for
DOE to support this orphan technology and to develop BCAP at BNL to, 1, provide a user oriented
regional resource, 2, provide a national reference laboratory, and 3, develop new advanced technologies
for BCAP.



BNL WORKSHOP
BODY CoMPOSITION IN THE BASIC AND CLINICAL RESEARCH

AND THE EMERGING TECHNOLOGIES
December 14", 2000

A workshop will be held to address the roles of - and the needs for - whole body, partial
body, and organ compartmental analysis in body composition research. The relevance of new
high technology methods to disease identification and progression, and to the efficacy of
countermeasures, will be emphasized in each speaker’s subject area. The state of the current in
vivo neutron activation analysis systems used in body composition studies will be presented, but
the emphasis will be on new emerging technologies capable of providing elemental quantitative
measurement and imaging, and their impact on body composition research.

A discussion period after each series of presentations will focus on identifying the needs
and issues pertinent to each application. These proceedings, with particular attention to the
discussions between physicists and clinicians, will be recorded and edited for the participants and
other interested individuals as a BNL report.

Agenda: ~
9:00 - 9:20 Coffee/Registration
9:20- 9:30 Opening Remarks: P. Paul, L. Chang (BNL)
9:30- 9:50 The Need for this Review R.N. Pierson (SLR)
9:50~10:10 Emerging Technologies in BCR L. Wielopolski (BNL)
10:10 - 10:25 Spinal Cord Injury, Bone W. Bauman (Bronx VA-MSMS)
10:25 - 10:40 Spinal Cord Injury, Muscle - A. Spungen (Bronx VA-MSMS)
10:40 - 11:00 Discussion
11:00 — 11:20 Better Human Models S. B. Heymsfield (SLR)
11:20 — 11:40 Does Dialysis stunt growth? V. Johnson (NY-PH)
11:40 - 12:00 Fluid space changes in CHF J. Sackner-Bernstein (SLR)
12:00 — 1:00 Discussion

(~12:00 Working Lunch to be served)

1:00 - 1:20 Regional Protein Metabolism P. Garlick (SUNY-SB)

1:20 - 1:40 Multiple Sclerosis P. Coyle (SUNY-SB)
Discussion

2:00-2:15 Comments from the audience P. Kirchner (DOE)

2:15-3:30 Discussion/summary P. Kirchner (DOE)

BNL: Brookhaven National Laboratory SLR: St. Luke’s/Roosevelt Hospital MSMS: Mount Sinai Medical
School

VA: Veterans Administration DOE: Department of Energy SUNY-SB: State University of New York at Stony
Brook NY-PH: New York Presbyterian Hospital



INTRODUCTION

Once in each decade for the past fifty years, a new insight, a new method, has appeared, breathing
new life into the crusade initiated by Behnke in 1945, to contribute to Medicine and Science, to Research
and to Clinical Care, by the non-invasive study of body composition.

1940’s Underwater weighing Al Behnke

1950’s Body potassium measurement G. Forbes, E. Anderson, F. Moore
1960’s In-vivo Neutron Activation J. Nelp, S. Cohn

1970’s Body nitrogen D. Vartsky

1980°’s DXA, MRI A. Mazess

1990’s Carbon (Inelastic scattering)  J. Kehayias

2000’s Gamma Nuclear Resonance?  D. Vartsky, L. Wielopolski

Although basic concepts in the body composition analysis were laid down in the second half of
the nineteenth century, it is only with the advent of a new generation of analytical instrumentation for in
vivo analysis, from the fifties and sixties, that a systematic progression has begun, albeit slowly. Skeptics
may ask why, after 50 years, we do not have more to show for our efforts: an established industry, a
larger research audience, a clinical urgency, a sprouting of body composition laboratories? If we were
really needed, the World would beat a path to our door. To the Skeptics: we may track growth in the field
by the series of International Symposia on the study of human body composition, from the first one held
in 1986 at BNL, and the subsequent ones at the University of Toronto in 1989, the Baylor College of
Medicine in Houston in 1992, Mé&lmo Sweden 1996, and the last one in 1999, in which more than twenty
countries were represented by 150 scientists, was held again at BNL. In MEDLINE, we record an
exponential growth in chosen key-word-published articles, from hundreds in 1986 to 18,821 in 2000; a
fourty-fold growth of interest. For example, WEB search using Google search engine under body
composition (BC) research yields 449,000 entries, under BC measurements 150,000, under in vivo BC
measurements 9450, and under in vivo neutron activation BC measurements 800. Based on the 2001
Directory of National Center for Research Resources out of the seventy nine General Clinical Research
Centers thirteen carry research in body composition, albeit, all of them use secondary indirect methods of
analysis. This growth parallels the proliferation of surrogate instrumentation for in vivo analysis.

This proliferation of surrogate techniques, developed and calibrated against definitive methods
(such as neutron activation), will provide a methods “platform”. The concept of developing surrogate
methods is a key to growth. It will contain DXA as a base, and it will add anthropometrics, TBW, and
ECW measurements, and body potassium when possible. Measurements of adipose tissue and regional fat
distribution, fat-free mass, water, ECW, and body cell mass, provide a rich collection of volume and mass
measurements, and the critical derivatives, fat, fat-free mass, water, K/FFM, E/I ratio, K; bone mass, and
bone density. This “body composition panel” has already resulted in 12 collaborators from around the
country who using our body water measurements, and their own versions of our laboratory. We predict
that we are at the inflection point in the growth curve.

Can body composition cottage-industry function entirely on surrogate methods? Why do we need
and what is the role of BNL? We submit that the surrogates will have acceptance because they have been
established by validations at Brookhaven with its armament of primary methods.

The second large question: is there a future for new-methods research? Qur seminar addresses
this question also. We have reached a high level of competence in measuring the mass/volume
components of body composition. There is no current need (and no near-term future need) for achieving
any higher precision for measuring organ volumes than the +1% or better we now have. These masses
and volumes are the denominators for the body composition equations. We are now ready to study the



quality of body compartments, the elemental contents of the organs. These are the numerators: the most
biologically “powerful” numerators we could request are potassium and nitrogen for cells, sodium and
chloride for the extracellular spaces, and calcium for bone. Also, measurement of carbon provides a
powerful multi-compartment numerator, being present in high density in fat, and in lower density in
carbohydrates; we can use measurements of carbon in multi-compartment equations for both. All of these
are measurements of elements, almost uniquely the province of activation methods. This track, our
second question, leads us directly to the arguments for gamma nuclear resonant absorption. This brings us
to the December 2000 conference where this new method was introduced.

The objectives for this one-day advanced workshop on body composition studies addressed
specifically new needs and future trends in body composition analysis, based on the effectiveness of
current studies. Five broad objectives can be stated as:

¢ To expose physicians and clinical scientists to current and newly emerging methods, and their
power to perform elemental analysis in vivo.

e To bring into focus the current status of the primary methods, primarily neutron activation, -and
the role they play vis-a-vis emerging surrogate methods such as DXA, BIA, and potentially other
types of devices.

e To identify new applications for body composition research outside the traditional fields of
osteoporosis, obesity, aging, and normal populations, where it has been applied in the past.

e To identify whether the new fields and research directions impose new requirements on the
future instrumentation for in vivo elemental analysis.

e To identify the clinical utility of body composition measurements



ABSTRACTS

9:30 - 9:50 Are Elemental Studies Relevant to Clinical Medicine? In Search of the Numerators
Some Boundary Conditions in Body Composition

Richard N. Pierson Jr., M.D.

Professor of Clinical Medicine

Nutrition Research Center

St. Luke’s/Roosevelt Hospital Center
Columbia College of Physicians and Surgeons

The denominators. Imaging technologies have recently revolutionized Body Composition by
providing measurements of organ volume, and other organ characteristics such as calcification, lipid
content, and density, with increasing resolution - progressing from inches down to millimeters and
beyond - with increasing ease of performance in clinical settings. What Heymsfield first envisioned with
Computerized Tomography in 1978 has progressed, via the increasingly well-inhabited pathways of Dual
Energy Absorptiometry, Magnetic Resonance Imaging, MR spectroscopy, to provide astounding
anatomic insights, which could be made relevant to quantitative physiology and medicine. The capacity to
produce, manipulate, and analyze images has been funded and disseminated in Radiology by market-
driven advances which have motivated the design of new instruments, an industry which has served Body
Composition research with spectacular advances, providing a richness of non-invasive anatomical
precision for measuring organ volumes and structure. These developments have made measurement of the
denominators for body composition, organs and tissues, both specific and exquisite.

The numerators. A parallel but less traveled track in body composition research begins at the
atomic level, in search of the molecular biochemistry, which runs our engines and organizes our activities.
A basic example of "why the numerators" is the search for a solution to the Nernst equation, which
describes the molecular engine for generating electric potential in muscles and nerves, based on the trans-
membrane concentration differentials of sodium and potassium, and their energy-requiring transfers with
depolarization and repolarization. Two other examples will be given in which measurement of the
numerator must be married to the denominator volumes to accomplish research goals. My generation has
attended the marriage these two tracks in body composition research. The program today will give
examples of where this marriage leads us — which is not far enough. Essential for measuring the elements,
the technologies of neutron activation have left us far short of matching Imaging in achieving spatial
precisions relevant to studying organs smaller than skeletal muscle. We need to do better with the
numerators.

A new technology? Gamma nuclear resonance will measure some of the elements we need, with
some spatial definition, with excitingly low radiation exposures, and with exciting quantitative precisions.
Dr. Wielopolski will describe this technology, in an audience of some of those best equipped to apply it,
and in the presence of a sprinkling of the physical scientists who have attended the birth of the method,
and who may leamn from and contribute to the interactions.

9:50 —10:10 INSTRUMENTATION FOR BODY COMPOSITION ANALYSIS, PRESENT AND
FUTURE

Lucian Wielopolski', and Walton Shreeve
“Lucian Wielopolski, Ph.D.

Scientist

Brookhaven National Laboratory



Adjunct Associate Professor
Radiation Oncology Department
SUNY Stony Brook

Environmental Sciences Department
Upton, NY

The need to determine the composition of a human body on atomic, molecular, cellular, and
tissue-system levels, is tightly related to whether and how the study elucidates the body’s metabolism, or
organ’s functions. The effect of an environmental change, e.g., illness, and the efficacy of a
countermeasure, must be evaluated. These four levels relate to each other through empirical and
stoichiometric coefficients that in the past have been determined through i vitro and in vivo methods. It
has also been established that these relationships are age- and ethnicity-, as well as ailment-, dependent.

Two general types of methods can be identified: 1) direct with high specificity, and 2) indirect
with little or no specificity. The current status and characteristics of in vivo neutron activation analysis
(IVNA), highly specific systems for in vivo elemental whole body analysis, is described. IVNA includes;
delayed gamma neutron activation (DGNA), prompt gamma activation (PGNA), and inelastic neutron
scattering (INS). These highly specific systems fundamentally differ from surrogate methods in that on
the atomic level they measure explicitly the element of interest. This is in contrast to the indirect systems
that measure some general property that is associated with the compartment of interest. New trends and
requirements in body composition research, and an emerging new technology with 3D elemental imaging
capability and increased regional sensitivity that satisfies these new requirements will be also presented.

10:10 — 10:25 BONE 1.0SS, THERAPEUTIC INTERVENTIONS, AND QUANTIFICATION OF
SKELETAL CHANGES IN PERSONS WITH SPINAL CORD INJURY

William A. Bauman, M.D.

Professor of Medicine

Mount Sinai School of Medicine

Director of the Spinal Cord Damage Research Center
VA Medical Center, Bronx, NY

After acute skeletal immobilization from spinal cord injury (SCI), bone mass of the legs and
pelvis is markedly reduced. To control for genetic diversity, a study was performed in monozygotic twins
(one of each set of twins having chronic, motor complete paraplegia) which permitted the study of the
effect of chronic immobilization on bone mass and for the evaluation of regional effects of muscle and fat
on bone mass. Despite not having been validated in persons with SCI, DXA was used to determine
regional skeletal and soft tissue mass. In our twin model, significant leg bone mass continued to decline
throughout the chronic phase of immobilization. Although muscle was significantly related to BMC in the
legs of non-SCI twins, this was not found in SCI twins, but was significantly related to regional fat mass.
Interventions should be directed first at bone loss during the acute period of immobilization with agents
that interfere with osteoblastic activity, i.e., reduce bone resorption. During the chronic phases of SCI,
therapies should be considered to up-regulate the osteoblast, i.e., stimulate bone formation. Application of
IVNA will permit quantification of total and regional calcium changes and its relationship to soft tissue
with definitive accuracy after acute and chronic injury, as well as after therapeutic intervention.

10:25 — 10:40 THE EFFECT OF IMMOBILIZATION ON SOFT TISSUE BODY COMPOSITION
IN PERSONS WITH SPINAL CORD INJURY

Ann M. Spungen, Ed.D.
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Assistant Professor of Medicine

Mount Sinai School of Medicine

New York, NY

Assistant Director, Spinal Cord Damage Research Center
VA Medical Center, Bronx, NY

Acute spinal cord injury (SCI) is associated with the rapid loss of skeletal muscle in the
denervated regions with atrophy of the remaining innervated muscles within the first 2 months due to
disuse. Percent fat appears to be greater and increases more rapidly with advancing age than in the able-
bodied population. Only a few studies have attempted to document any of these adverse changes. These
studies report on the use of a variety of lean and fat tissue measurement methods, all of which have been
validated only in an able-bodied population. The methods currently employed for measuring lean and fat
tissue mass in persons with SCI may not be sensitive enough to determine efficacy from therapeutic
interventions. Additionally, the ability to isolate specific regions of the body for changes (e.g., to
determine the effect of anabolic steroid administration on the muscles of breathing by measuring the lean
tissue of the trunk in persons with tetraplegia) is of relevance, but this technology is not readily available.
Questions arise as to the severity of the effects of acute and chronic immobilization on soft tissue (lean
and fat) body composition, as well as the additional effect of aging. This presentation will review the
existing literature and discuss the limitations of our knowledge of body composition in persons with SCL.
The potential application of IVNA to body composition measurements in persons with SCI also will be
discussed. -~

11:00 —11:20 MULTI-COMPONENT BODY COMPOSITION MODELS: RECENT ADVANCES
AND FUTURE DIRECTIONS

Steven B. Heymsfield, M.D.

Professor of Clinical Medicine

Nutrition Research Center

St. Luke’s/Roosevelt Hospital Center

Columbia College of Physicians and Surgeons

An important aspect of the contemporary study of nutritional diseases is establishing the
phenotypic characteristics of human subjects. These phenotypes are then linked with underlying genetic
mechanisms. The process of simultaneously studying human phenotypes and genotypes has given rise to
the increasingly important area of characterizing human body composition.

Early workers had relatively simple means of measuring the various body compartments,
particularly total body fat. The so-called “two-compartment model” served this process very well and
was based on the concept that human body mass consists of two major components, fat and fat-free mass.
In order to divide body mass into these two components a number of assumptions were usually required.
For example, the water content, the potassium content, and the density of fat-free mass were assumed
stable and constant in all adult human subjects. This assumption allowed development of various two-
compartment models, as water, potassium, and the density of fat-free mass were all measurable in vivo
using underwater weighing. The two-compartment model estimates using these various assumed
constants served the field of clinical nutrition for over four decades.

Recently however, interest in developing more refined and accurate phenotypes has led to intense
scrutiny of the two-compartment model. In particular, it is now clear that the various assumptions
involved in the two-compartment model are not appropriate when examining subjects across wide age
ranges and particularly between groups that differ in ethnicity. The two-compartment model also
completely fails when diseased subjects are considered. This has led to the search for improved methods
of phenotyping human subjects that are based on assumptions that are not violated by age and ethnic
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effects. From these endeavors has emerged the concept of multi-component models, the subject of this
presentation.

The presentation describes the various families of multi-component models, that is, those
methods of fractionating body mass that involve more than two body composition components. I
consolidate the ideas of earlier studies and provide the listener with an overview of the various available
multi-component models and the required instrumentation for model verification. That is instrumentation
capable of measuring regional and organ composition with high specificity that can also serve as a
reference standard for the evolving surrogate instrumentation.

11:40 —12:00 DOES CHRONIC RENAL FAILURE STUNT GROWTH?

Valerie L. Johnson*, Frederick J. Kaskel, Jack Wang and Richard N. Pierson, Jr.
"Valerie L. Johnson, M.D., Ph.D.

Associate Professor of Clinical Pediatrics

Chief, Division of Pediatric Nephrology

Weill Medical College of Cornell University

Director, Rogosin Pediatric Kidney Center

The Rogosin Institute

New York Presbyterian Hospital

525 East 68th Street, Box 176

New York, NY 10021-4873

Alterations in body composition are seen in children with chronic renal insufficiency (CRI) and
end-stage renal disease (ESRD) who have failed to grow. Recombinant human Growth Hormone (thGH)
has been widely used in the past several years to improve the somatic growth of children with CRI/ESRD.
Significant correction of body compositional changes already can be seen in these children after 6 mos of
thGH therapy. To evaluate growth and attendant body compositional changes 7 pre-pubertal (n=6) and
pubertal (n=1) children (4.3-13.4 years) were studied longitudinally with body compositional analyses
after 6, 12 and 18 mos of thGH. Total body fat (FM; +1.8%), fat free mass (FFM, +4%), total bone
mineral mass (TBBM;+1%), total body water (TBW; +1.8%), and potassium (TBK;+4.2%) pre- and post-
thGH SQ at 0.35 mg/kg/week were measured.

As expected significant increases in height and weight were seen following rhGH therapy. These
increases were accompanied initially by a decrease in fat% and FM, which leveled off by 18 mos of
thGH. Concomitantly, FFM, TBK, TBW, and ICW, all measures of body cell mass, significantly
increased compared to pre-thGH values. The improvement in the TBBM was profound with significant
increases also observed in TBBM corrected for weight by 18 mos post-thGH. No significant changes in
the Body Mass Index were seen. Growth in these children is occurring with repletion of the FFM and
TBBM compartments. BMI measurements alone clearly miss these significant changes.

Total body compositional analysis obviously plays a crucial role in our understanding of how
growth is occurring in children with CRI/ESRD. The limitations of the technology, however, have
prevented evaluation of infants and small children during a period of one of the most rapid growth phases
of childhood. Although calcium accretion is certainly occurring in these children, we also need to know
more about the quality as well as quantity of bone mineral.

The key issue in applying serial body composition measurements to growing subjects is to
identify the upward vectors of growth, the downward vectors of chronic disease, and the upward vectors
of treatment. Where the vector parameters are the newly available measurements of body compartments:
bone, cell mass, and adipose tissue, in addition to the traditional parameters of renal function. We study
small people whom we would like to grow larger, and any radiation we use must be minimal. Have we,
and will we, in the new era we have come to expect from Brookhaven, have enough precision in
measuring these compartments, to apply these more fundamental measurements to influence patient care?

12



12:20 — 12:40 Evidence for Intracellular Edema in Euvolemic Heart Failure Patients

Jonathan Sackner-Bernstein’, Catalin Toma, Pilar Haynes, Jack Wang, Chris Nunez, John
Thornton, Donald Kotler, Richard N. Pierson, Steven B. Heymsfield.

*Jonathan Sackner-Bernstein, M.D.

Associate Director of Cardiology at STL

Assistant Professo of Medicine at Columbia University

St. Luke’s-Roosevelt Hospital Center

New York, NY 10025,

Background. Volume overload is the hallmark of congestive heart failure (HF). Yet despite use
of diuretics to rid patients of edema, symptoms persist. We hypothesized that patients treated with optimal
diuretic doses remain affected by congestion. To test this hypothesis, we assessed body composition of
euvolemic HF patients.

Methods. In the fasting state, HF patients (n=19) underwent measurement of: 1) extracellular,
intracellular and total body water via bromide and deuterium dilution techniques (ECW, ICW, and TBW,
respectively), 2) total cell mass measured by total body potassium (TBK) using whole body 40K
counting, and 3) fat-free mass (FFM) by DXA scanning. Results were compared to normal values
matched for age, gender, race, height, and weight by Mann-Whitney U test. Patients treated (n=11) and
not treated (n=38) with digoxin were compared. -

Results. Patients had left ventricular ejection fraction < 35%, NYHA Class I (n=1), II (n=13), III
(0=4) or IV (n=1) symptoms, and were 66 + 14 years old. Compared to normal values, patients were
euvolemic (normal TBW and TBW/FFM) and were not cachectic (normal weight, BMI and FFM).
However, the ECW/ICW ratio was significantly lower than normal (14 % lower, p =.006) which
paralleled reduced intracellular potassium concentration (Ki) (19 % lower, p < 0.0001), indicating
intracellular edema. Digoxin treatment was not associated with differences in ECW/ICW or Ki.

Conclusions. HF patients without clinical evidence of edema, whose TBW is normal, can have
"intracellular edema." This intracellular volume expansion is not a function of Na-K ATPase inhibition by
digoxin, and may represent an important mechanism in the functional abnormalities of heart failure and a
new therapeutic target. These are the first data describing "intracellular edema" measured in vivo in
human disease.

Age | BMI FFM | %Fat | TBK | TBW |ECW |ICW | ECW/ | TBW/ | Ki
ICW | FFM
HF |66+ | 273+ |505+ |32+ |[2721 367+ | 13.3 234+ | 058x {0724 | 11413
14 6.0 13.6 3 +904 | 10.2 +35 |71 0.09 0.02
Nml |66+ | 272+ | 540+ |28+ |2822 |367+ | 135+ {232+ 067+ |073£ | 14124
14 6.0 18.3 7 +739 17.5 1.4 6.6 0.10 0.01
p NS [ NS NS 013 | NS NS NS NS 0.006 | NS <0.0001

1:00—1:20 PROTEIN METABOLISM IN SPECIFIC ORGANS AND TISSUES

Peter J. Garlick, PhD
Professor of Surgery
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Director of Surgical Research
GCRC Core Lab Director
SUNY Stony Brook

Malnutrition and many disease states result in body protein wasting, with attendant muscle
weakness and increased susceptibility to infection. This has traditionally been investigated by nitrogen
balance, which is a measure of protein loss or gain by the whole body. The use of stable isotopic labeling
techniques has refined this approach by enabling the mechanisms of protein gain or loss to be attributed to
changes in protein synthesis and/or degradation. Originally these methods were used to investigate
protein metabolism in the whole body, but have now been refined so that rates of protein synthesis and
degradation can be determined in many individual tissues, particularly in skeletal muscle and splanchnic
organs. However, despite the increase in knowledge of the regulation of rates of protein synthesis and
degradation, information on their net effect on protein balance in these tissues is lacking. Techniques for
determining the elemental composition of specific body regions, in particular the nitrogen content, might
therefore fill the current void, by showing how treatments that modify protein synthesis or degradation
can lead to sustained gain or loss of tissue protein.

1:20 ~-1:40 MULTIPLE SCLEROSIS

Patricia K. Coyle, M.D.

Professor of Neurology and -
Director, Stony Brook MS Comprehensive Care Center
Health Sciences Center

SUNY at Stony Brook

Stony Brook, NY 11794-8121

Multiple Sclerosis (MS) is an organ-specific inmune mediated disease, the major non-traumatic
neurologic disorder of young adults. 350,000 Americans, and one to 2.5 million individuals worldwide,
are affected. In 1994 US dollars, the cost of MS was 10 billion dollars a year. Such costs reflect that
most MS patients become disabled.

MS affects the central nervous system (CNS), the brain and spinal cord. Blood immune cells and
water move into the CNS through a break in the blood brain barrier (BBB). This results in damage to
myelin and axons, destruction of oligodendrocytes (the CNS myelin making glia), and astrocytic gliosis.
These focal lesions (called plaques) occur in waves throughout the disease course. They produce
disrupted nerve conduction and multiple clinical abnormalities. Most plaques are clinically silent,
detected only by magnetic resonance imaging (MRI). MRI is considered the best MS current disease
marker. It reveals widespread abnormalities in normal appearing brain tissue, BBB disturbances,
heterogeneous pathology, variable iron deposition, chemical disturbances, ongoing atrophy, and axon
abnormalities.

The following are current major clinical issues in MS:

e We do not know the cause of MS; it is likely heterogeneous. It may involve CNS infection, a
cross-reactive immune attack on a CNS component, or a metabolic or toxic process.

e There is no one definitive diagnostic test for MS.

¢ Clinical evaluation grossly underestimates disease status. At the current time there is no effective
way to follow disease activity and severity.

e There is no established way to follow individual response to therapy.
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Body composition research offers new possibilities to examine MS brain and spinal cord for:

e Water content. This is likely to reflect disease activity/blood brain barrier abnormalities.
It could be used to measure disease severity/course, and response to treatment.

e Iron content. Iron deposition disturbances have been described in MS. The question of an iron
disturbance could be addressed directly.

e MS heterogeneity could be examined based on CNS chemical changes.

* Early chemical changes might give us clues to the etiology of this disease.

e A chemical which measured a specific pathologic process (myelin breakdown, remyelination,
oligodendrocyte loss, axon/neuron dysfunction, gliosis, inflammation) would offer a novel and
valuable assessment tool.

Body composition research will provide a new window to the CNS to investigate MS. At the

least, accurate measure of CNS water content will be valuable in this disease. At the most, it could lead
to critical new insights into MS pathogenesis, severity, and response to therapy.
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PRESENTATIONS:

Body Composition Research and Brookhaven; a Mandate for the Future

RN. PIERSON JR., M.D.
Professor of Clinical Medicine
Nutrition Research Center
St. Luke’s/Roosevelt Hospital Center
Columbia College of Physicians and Surgeons

The beginnings and the ends of several epochs in Body Composition have centered on
Brookhaven three times. In 1970, Stanton Cohn started the modern era of elemental analysis in
Body Composition by establishing the Neutron Activation program to measure body calcium in
Osteoporosis research. This famous beginning, with John Aloia as collaborator, accomplished a
great deal, putting the IVNA method on the map in the field of body composition. The second
epoch began in 1986 with Stan Cohn's retirement, punctuated by the First International Seminar,
which was held at Brookhaven, and included most of the world's pundits in this smallest new
specialty at the intersection of Nuclear Medicine and Nutrition Science. At that time in 1986 a
Consortium of 53 research-community physicians from the Northeast met to propose a major
support grant to carry on and extend the Body Composition program at Brookhaven. This
culminated in the NIH Program Project Grant, led by investigators at St. Luke's/Roosevelt
Hospital, first funded in 1989, and carried forward now to its third five-year continuation as of
next July.

The third epoch, the application of a new physical method, gamma neutron resonance
absorptiometry, to human studies, begins approximately with this workshop. With this method,
the exciting advances in 3D imaging reconstructions for body, organ, and tissue volumes from
both CT and MRI images, will be matched by a method able to perform regional and 3D
measurements of selected elements, which inhabit these volumes. Nitrogen will be the first
element so imaged; calcium, carbon, and chlorine will next be researched.

This workshop showcases six clinical studies, which demonstrate in different ways the
vitality of body composition research to a current medical discipline. The goal of the workshop is
to bring visibility of their work in this field to three groups: to each other, to leaders at BNL who
will determine the future allocation of resources at the Laboratory, and to leaders at the DOE. By
hearing each-other, and by sharing notes on their projects, we expect that they may choose to
expand the range of their research, and that they will participate in and benefit from the next
decade of methods development.

National Laboratories have consistently, and by design, been sites for research and
development, not for the pursuit of clinical diagnoses and treatments, which are better delivered
closer to large hospitals and populations. We have for ten years now brought many patients to
Brookhaven, against gradients of inconvenience, making a strong case for the value of these
measurements. Under the new leadership at Brookhaven of Drs. Marburger and Paul, we are now
presented the exhilarating prospect that Research in Body Composition methods may again occur
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at BNL laboratories, a strong vote of confidence for Lucian Wielopolski, one already backed by
the allocation of funds for the accelerator for the GNRA project. The testimony given by these
physician-researchers today bears witness to the relevance of this work, and to its future promise.

BODY COMPOSITION: A LITTLE SPECIALTY

I A SHORT HISTORY; THE TYRANNY OF METHODS SPECIFICS
First Epoch: 1850-1942  PRECISION without BIOLOGY Chemistry
Second Epoch: 1942-1963  BIOLOGY without PRECISION Indicator
Dilution

Third Epoch: 1963-1986  IN SEARCH of PRECISION DXA, CT,
IVNA

Fourth Epoch: 1986 -2001 IN SEARCH of ACCURACY MRI, GNRA

II The Four Compartment Model

II The Quality of the Body Cell Mass: To Solve the Nernst Equation

Membrane potential = (f) K + **

Ke + %%k
IV The NUMERATORS: Ions The DENOMINATORS: Mass and Volume
K, Na, Ca, N, CI TBW, Liver, Muscle, Kidney, Brain

THE METHODS
1950-1975  Submission to Tyranny
When methods are inadequate; In the Kingdom of the Blind
Surfing the smorgasbord:
Anthropometry
Indicator dilution methods; Water, potassium, sodium, sulfate, plasma, RBC
Biolmpedance Analysis
Metabolic spaces, and other transients

1975-2000  Escape from Tyranny?
The methods revolutions

Dual Energy X-Ray Absorptiometry for Everyman

CT/MRI for the Rich

In-vivo Neutron Activation Analysis for the Very rich and Fortunate
THE AGENDA
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In Search of the Body Cell Mass: The quality of the body cell mass: why should we measure
it?
To Solve the Nernst Equation:  The quality of the body cell mass: how we shall measure it.

In normals In disease states
To describe growth and development Age, sex, race, fatness
To describe aging
To guide interventions Serial studies

Accounting For Body Fat:
The unruly compartment; the ten methods. Domain specificity
The principle of orthogonal measurements; (the Uncertainty principle)

The Nernst Equation
The “average cell” problem: from cardiac muscle to liver to intestinal epithelium
The numerators: K, Na

The denominators: TBW - ECW =ICW

The Quality Of The Body Cell Mass How can we measure it?

Intracellular K and Na: K; and Na;, or K; alone?

K/FFM

E/1 (Extracellular/Intracellular ratio)

Functional measurements as surrogates:

Grip strength, Peak flow rate (Dominance of the skeletal muscle)
The propagation of errors
If Osmolality is conserved; a reasonable compromise?
“Easiest” to measure (where K is available)

At the bedside
“In the Kingdom of the Blind....”
THE EFFECTS OF DISEASE STATES

Chronic Diseases: Acute States, Chronic States, And Serial Measurements

Agendas we have known:

AIDS Kotler, many others
Osteoporosis Aloia, Vaswani, many others
Spinal Cord Injury Bauman, Spungeon

Renal Failure; Dialysis regimens, transplantation Cornell, AECOM, Lenox Hill
Obesity Kral, PiSunyer, Shapses
COPD Few; Waiting to be done
Anorexia Nervosa/Bulimia Walsh, Warren, Mayer
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Rheumatoid states Roubenoff, Merrill
Aging: a chronic disease, or a normal state? Gallagher, Harris, Heymsfield
Sepsis, Trauma Moore, Kinney, Abumrad
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INSTRUMENTATION FOR BODY COMPOSITION ANALYSIS
PRESENT AND FUTURE

LUCIAN WIELOPOLSKI
Brookhaven National Laboratory
Environmental Sciences Department
Upton, NY 11973

&

WALTON SHREEVE
Brookhaven National Laboratory
Medical Department,
Upton, NY 11973

ABSTRACT

The need to determine the composition of a human body on an atomic, molecular, cellular,
or tissue-system level, is tightly related to whether and how the study involves the body’s
metabolism or organ function. The effect of an environmental change, e.g., illness, and the
efficacy of a countermeasure can be importantly evaluated. These compartments relate to each
other through empirical and stoichiometric coefficients that in the past have been determined, at
least partially, through in vitro and in vivo methods. It has also been established that these
relationships are age and ethnicity, as well as ailment, dependent.

Two general types of systems can be identified: 1) direct with high specificity, and 2)
indirect with low or no specificity. The current status and characteristics of in vivo neutron
activation analysis (IVNA), highly specific systems in use for in vivo elemental whole body
analysis, are described. IVNA includes; delayed gamma neutron activation (DGNA), prompt
gamma activation (PGNA), and inelastic neutron scattering (INS). These highly specific systems
fundamentally differ from other surrogate instrumentation in that on the atomic level they
measure explicitly the element of interest. This is in contrast to the indirect systems that measure
some general property that is associated with the compartment of interest. New trends and
requirements in body composition research and an emerging new technology with 3D elemental
imaging capability and increased regional sensitivity that satisfy these new requirements are also
presented.

INTRODUCTION
Body Composition Analysis (BCA), a little-known specialty with great potential as a
diagnostic tool for clinical research and patient care, remains by and large misunderstood and

underutilized in medical practice. These facts are disappointing in light of the great strides that
were made in many of the BCA concepts since the initial introduction of the subject about fifty
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years ago, that span from pure Physics and Chemistry to bedside Physiology in patient care [1].
The concepts and merits of viewing human body on four different levels, i.e., atomic, molecular,
cellular, and tissue-system, and how they relate to body metabolism and function were outlined
in the literature [2,3], and it is also discussed in this workshop by Heymsfield. Each level
consists of several compartments that in several cases are quantifiable through an indirect
measurement of a quantity that is related to the compartment. However, the atomic
compartments are the only ones that can be measured explicitly because of the direct and specific
measurements of the elements present in the human body. The surrogate type of instrumentation
that measures the compartments indirectly is usually calibrated or cross-validated against the
nuclear direct measurements. Traditionally these measurements involved whole body and were
referred to as such. However, in this continuously evolving field, there is a shift in emphasis and
there is a growing interest toward partial body and organ level compartmental analysis. This in
turn redefines the old requirements and imposes new specifications on the next generation of the
instrumentation for in vivo compartmental analysis.

ELEMENTAL ANALYSIS:

Elemental analysis of the human body in vivo consists of, but is not limited to, measuring
the basic atomic constituents such as C, Ca, Cl, N;-K, Na, P, H, O (and water) and subsequently
relating them to the size of the compartments on either the molecular, cellular, or tissue-system
level. These elements are measured directly in vivo utilizing nuclear methodologies that involve
neutron activation, thus are frequently referred to as IVNA. Three basic neutron interactions with
nuclei are taken advantage of to measure different elements. Those are delayed gamma neutron
activation, DGNA, prompt gamma neutron activation PGNA, and prompt gamma inelastic
neutron scattering, PGINS, this reaction is also labeled as (n,n’y) [4-8].

DGNA

In DGNA, developed during the sixties, various elements capture thermal neutron and
becomes radioactive. Subsequent to activation the elements are measured in a special counter.
During DGNA a subject is irradiated with neutrons in an irradiation facility for about five
minutes, Fig. 1A. The elements such as, Ca, Na, Cl, and P capture thermalized neutrons in the
human body and become radioactive. Following irradiation the patient is transferred to a low
background counting facility, Fig. 1B, where the characteristic gamma radiation emitted from the
activated elements is detected, counted and translated into elemental concentration in the body.
Natural K in the human body, being radioactive, is measured in the same counting facility prior
to the patient irradiation. The irradiation facility consists of 14x40 Ci PuBe neutron sources that
deliver about 560 mrem during 5 min irradiation. During 3 min following irradiation patient is
transferred to the counting facility for 15 min. The counting facility consists of 16 above the bed
and 16 below the bed 4”x4”x18” Nal detectors. The resulting spectrum with Ca, Cl, Na, and P is
shown in Fig. 2. This spectrum is analyzed for the peak intensities and using proper calibrations
converted into elemental abundance.

PGNA
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PGNA, developed during the seventies, is very similar to DGNA where instead of
measuring delayed gammas the excited nucleus decays promptly to the ground state with
concomitant emission of gamma radiation that is measured immediately by the detection system.
PGNA system, shown in Fig. 3, is used for detection of N in the human body. Because of the
short time of the excited level these gamma rays must be counted during the irradiation resulting
in a facility design that differs fundamentally from that for the delayed neutron activation. The
facility consists of a 70 Ci PuBe neutron source and two large 6 by 6” high Nal detectors. A
dose of 80 mrem is delivered during 40 min scan. Finally, the N yield in the measured spectrum
is converted into elemental concentration and the corresponding compartment mass in the
subject.

PGINS

In PGINS, developed during the eighties, an element absorbs a fast neutron and returns
promptly to the ground state via emission of a neutron, at lower energy, and concurrent gamma
ray specific to the element. The configuration of this facility is similar to that of PGNS except
the PuBe neutron source is replaced with a 14 MeV (D, T) neutron generator. PGINS, shown in
Fig. 4, is used to measure total body carbon and oxygen. To provide more uniform irradiation
conditions in this facility and in PGNA the patient is scanned twice (supine and prone). A dose
of 50 mrem is delivered during the 40 min scan. ™

DIRECT VERSUS SURROGATE INSTRUMENTATION

In direct methods the quantity of interest is measured directly by whatever available
means. Such were the methods described above in which high specificity is attained using
nuclear spectroscopy that measures characteristic gamma radiation from a given element of
interest. Alternatively, other compartments on higher levels cannot be measured directly. For that
purpose different methods, often referred to as surrogate methods, are used to measure a given
compartment. In this approach a quantity related to the compartment of interest is measured. For
example whole body density is measured using underwater weighing (UWW), body impedance
(BIA) is measured as an indicator of the electrolytes in the water, and dual energy x-ray
absorptiometry (DXA) provides information on electron density from which bone mineral and
soft tissue density are extracted. There are assumptions and models involved with the surrogate
instrumentation that were developed for specific cases and span over determined region.
However, whenever new populations or cases are analyzed indirect methods require cross-
calibration and new validation. It is pointed out that some of the indirect methods are those that
will actually spread into clinical surroundings because of theirs simplicity, e.g., DXA.

Similarly, CT and MRI that measure electron and proton densities, respectively, provide
after segmentation an indirect measure of volume, which can subsequently be related to a given
compartment of interest. Undoubtedly, availability of MRI in the hospitals and clinics will
facilitate spread of body composition measurements for routine use. MRI spectroscopy in some
limited cases may provide a measure of a functional compartment of interest. This approach is in
developmental stages and the quantitative aspects of it are cumbersome.
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FUTURE TRENDS AND INSTRUMENTATION

An excellent overview of the future trends in clinical research using body composition
analysis was given in the proceedings of the Serono Symposium by Pierson [1]. It is apparent
that the questions posed to the clinical researchers are more challenging, specific, and regional.
The results for the whole body, as important as they are, are inadequate and the emphasis shifts
to the composition of a region or an organ. There is a ceaseless desire to reduce the radiation
dose or even to eliminate it all together when possible. In this regard the emergence of MRI in
assessing body composition is very promising, although it is an indirect measurement. Similarly,
additional work in calibrating multi-frequency BIA is also recommended. Thus with the trend of
improving and developing new surrogate instrumentation there will be a need for stricter
calibration requirements to be provided by the primary methods.

The new demands for the primary instrumentation can be summarized as:

1. To reduce the radiation dose so that the methodology can be expand to include children
and pregnant women.

2. To provide regional or organ localization capability.

3. To provide absolute results independent of human habitus, i.e., to eliminates the need for
phantoms. >

A new method based on gamma nuclear resonance absorption (GNRA) offers new
capabilities in elemental analysis in human body in vivo. The GNRA principle is that gamma
radiation in addition to the conventional attenuation undergoes resonance attenuation specific to
a given element such as N, Ca, Cl, or C, see Table I, [9]. A resonance gamma beam, a beam that
is tuned to interact with a specific nuclear level of an element of interest, is emitted as a fan beam
from a target impinged upon by a proton beam from an accelerator. Schematically this is shown
in Fig. 5. A GNRA system was originally developed for detection of explosives in aviation by
detecting nitrogen in cargo containers. For that purpose a special high intensity proton tandem
accelerator [10,11] and resonance detectors [12] were developed and a proof-of-principle for N
detection was demonstrated. The system was subsequently proposed for use in elemental
analysis in vivo [13,14].

The fundamental difference between GNRA and previously presented IVNA systems,
apart of using gamma radiation instead of neutrons, is the positioning of the detectors in GNRA
in a transmission mode. This is schematically shown in Fig. 6 where the patient is placed in the
beam between the source and the detection system. This is an identical configuration to that of a
CT, thus allowing by rotating the patient to image nitrogen distribution in vivo.

A second critically important advantage of GNRA is the use of resonance detectors that
measure simultaneously in resonance and out of resonance beam attenuation. Thus correcting the
resonance intensity by the total attenuation, i.e., non-resonance attenuation provides an absolute
measure of the nitrogen concentration that is independent of patient size. This eliminates the
need for size dependent phantom calibrations.
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Finally for similar measurements a GNRA system will deliver about 1% of the dose
delivered by PGNA.

Table I. Elements that can be analyzed using GNRA.

Element E, [y Target E, Reaction
(MeV) | (bamns) (MeV)
UN 9.17 2.6 BC 1.75 BC(p,y)“N
40Ca 10.32 5.0 K 2.04 39K (p,y y°Ca
Q] 8.21 1.0 Mg 1.89 S (p,y Pl
150 6.92 24 BR 2.6 BF(p,o.y)©0
2C 4.43 1.1 BN 2.6 BN(paoy)2C
SUMMARY

-~

A distinction was made between primary, IVNA, systems that provide a direct measure
of the compartment in question and secondary or surrogate systems that are simpler but easily
deployable. The lack of specificity in the surrogate instrumentation has to be thoroughly
calibrated and or validated using primary systems. An exception to this is MRI spectroscopy that
might evolve into a primary system. The importance of the surrogate systems is in their
deployability that will allow the spread of body composition analysis in the clinic. However,
normative values for the clinic have to be established before these system will gain wide spread
use by the physicians.

The development of GNRA offers an unparalleled capability of elemental imaging in vivo
for key important elements in human body. This will facilitate organ compartmental analysis or
specific regions of interest such as chest muscles that are impossible to measure any other way.
The absolute measurement and reduced dose will allow expanding compartmental analysis to
children and pregnant women, two populations excluded from IVNA measurements. In summary
the role of the primary systems is to provide reference values, the development of GNRA will
introduce new dimensions and infuse new life into body composition studies.
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FiG.1 Delayed Neutron Activation facilities, A) irradiation facility with a sliding patient
bed, B) patient whole body counter.
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Figure 2. A typical spectrum from an irradiated patient measured in the whole body

counting facility.
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Figure 3. Prompt gamma irradiation and counting facility.

Figure 4. Inelastic neutron scattering irradiation and counting facility.
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Figure 5. Artist drawing of the resonant gamma beam production.
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Abstract

Spinal cord injury produces immediate and permanent unloading of the gravity-bearing
skeletal regions with structural and metabolic consequences. During the acute phase, a
proliferation of osteoclasts with immobilization-induced resorptive hypercalciuria occurs, with
associated suppression of the parathyroid hormone-1,25-dihydroxyvitamin D axis. Subsequently,
from a study performed in identical twins, one of each set having a spinal cord injury, it appears
that there is a continuous loss of bone mass in the legs and pelvis of those with chronic
paraplegia. Interventions have been considered to reduce the rapid bone loss after acute injury
by inhibiting bone resoportion with bisphosphonates or to increase bone mass in those with
chronic injury by stimulating bone formation. In able-bodied twins there is a relationship
between lean tissue and limb bone mass, which is not present in those with paralysis. However,
in twins with spinal cord injury there appears to be a relationship between regional fat and bone
mass, which is absent in ambulatory twins. Because these bone and soft tissue measurements
were made using dual energy x-ray absorptiometry, legitimate questions may be raised
concerning their accuracy and reliability because this technique has been validated in the able-
bodied population, not in those with spinal cord injury who have regional changes of an extreme
magnitude. In individuals with spinal cord injury, it would be important to validate dual energy
x-ray absorptiometry by performing in vivo neutron activation analysis. The new technology of
gamma ray nuclear resonance absorptiometry would provide an element specific imaging
capability, e.g., N, Ca, C, while generating a conventional radiograph of the subject that may be
used to determine regional measurements of bone and soft tissue components.

Acute Spinal Cord Injury

After acute immobilization, calciuria increases in 10 days, peaking between 1 and 6
months after injury (Figure 1) (1,2). The maximum urinary calcium in those with spinal cord
injury was between two to four times that of able-bodied subjects who were voluntarily placed at
prolonged bed rest. After acute spinal cord injury, the parathyroid hormone (PTH)-vitamin D
axis is suppressed with depressed PTH, 1,25-dihydroxyvitamin D and nephrogenous cyclic AMP
levels (Figure 2) (3). Although urinary calcium was markedly elevated on a low calcium diet,
increasing dietary calcium in a subset of patients with acute spinal cord injury did not further
increase either urinary or serum calcium concentrations (3).

Histomorphometry performed in rat models after immobilization suggests that bone loss
occurs in two phases, each by different mechanisms. In the first phase, which is the period
immediately after immobilization (4,5), increased osteoclastic activity is evident, with peak
activity between 3 and 5 days. There is a disruption of trabecular architecture, with loss of
trabeculae and loss of connections between trabeculae. Because bone grows and remodels
appositionally, the loss of trabeculae and intervening struts compromises the normal deposition
of bone because of the absence of an existing framework, thus reducing bone structural integrity.
Bone resorption in the rat returns to normal levels by about 10 days of immobilization (6).
During the second phase, loss of bone is slower and osteoclastic activity returns to normal levels.

Chronic Spinal Cord Injury

During chronic immobilization, diminished osteoblastic activity appears to be responsible
for the major fraction of bone loss. The bone formation rate was reduced in rats studied at the
end of a long space flight (7,8), resulting in a slow rate of bone loss (9). Chronic states of
skeletal unloading result in a reduced pool of osteogenic cells within the bone marrow (10). The
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mechanisms by which the physical stress and strain placed upon bone are transduced into bone
cellular activity have not been elucidated.

A dramatic reduction in bone mineral content (BMC) and bone mineral density (BMD)
has been amply documented in persons with chronic spinal cord injury (11-13). Osteoporosis
generally involves the pelvis and lower extremities in persons with paraplegia, while bone is lost
in the upper extremities as well in those with tetraplegia (14-17). Bauman et al. (14) have studied
8 pairs of male identical twins (age, 40+10, range 25 to 58 years), one of whom had paraplegia
(average duration of injury of 16+9 years with a range of 3 to 26 years). The twins were
compared for total and regional bone mineral content (BMC) and bone mineral density (BMD)
measured by dual energy x-ray absorptiometry. In the spinal cord injured twins, total body BMC
was significantly reduced (22+9 percent, P<0.001), with the predominant sites of reduction for
BMC and BMD being the legs (42+14 and 35+10 percent, P<0.0001), and pelvis (50+10 and
29+9 percent, P<0.0001) (Figure 3). The vertebral column of the twins with spinal cord injury
appeared to significantly increase in BMD. Perhaps the vertebral column in paralysis is generally
spared bone loss due to its continued weight bearing function while in the seated position.
However, a potentially confounding consideration is the possibility that the increase in vertebral
BMD by dual energy x-ray absorptiometry (DXA) is an artifact due to neuropathic
osteoarthropathy (loss of disk space, bone sclerosis, fragmentation, osteophytosis, and
subluxation), masking actual vertebral osteoporsis (18). Quantitative computerized tomographic
imaging has the ability to provide bone mass ‘measurements of the vertebral body while
excluding extraneous calcification from the field of interest. This methodology provides a more
appropriate determination of bone mass of the vertebral bodies, as would other methods that
localize the area of interest with greater accuracy. In the identical twin study, duration of spinal
cord injury, not age, was found to be linearly related to the rate of leg bone loss in spinal cord
injured twins (BMC: 1’=0.60, P<0.05; BMD: r’=0.70, P<0.01) (Figure 4). Leg bone continues to
be lost throughout the chronic phase of immobilization in individuals with spinal cord injury, and
this bone loss appears to be independent of age. Leg BMD is significantly associated with lean
tissue in the legs of the able-bodied twins, as has been previously reported in the general
population by several investigators, but not in the co-twins with spinal cord injury. Of note, a
significant relationship was found between total body fat mass or regional fat mass in the legs
and leg BMD in those with spinal cord injury, but not in the co-twins who were able-bodied.
The possibility should be considered that the technique of DXA may produce an artifactual
reduction in bone mass and density with increasing regional fat tissue mass. This may be
directly addressed by employing in vitro neutron activation analysis (IVNA) to validate the
regional soft tissue and bone findings obtained by using DXA (19).

Osteoporosis and increased risk of fractures are well-established complications of persons
with chronic spinal cord injury. Pathologic fractures of the long bones occur in individuals with
spinal cord injury after negligible stress or trauma, such as during transfer manuevers, range of
motion exercises, bending or minor falls. Several studies have reported the prevalence of lower
extremity fractures in persons with spinal cord injury (20-24). Attempts to improve bone mass
and strength by modulating muscle tone, activity, or weight-bearing have yielded negligible
benefits.

Therapeutic Interventions

Although disuse may be the primary cause of osteopenia in persons Wlth spinal cord
injury, there is reason to believe that nutritional deficiencies may be contributory, particularly
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involving calcium and vitamin D. Because of the tendency for calcium nephrolithiasis soon after
acute injury, individuals with chronic spinal cord injury are often instructed to restrict calcium
intake, chiefly dairy products. This may also result in vitamin D deficiency because dairy
products, especially milk, are fortified with vitamin D and serve as the main source of dietary
intake for this vitamin. In addition, those with spinal cord injury may have reduced sunlight
exposure or may receive anti-convulsants and other medications which accelerate vitamin D
metabolism. Reduced calcium and vitamin D intake would be expected to lower the serum
calcium concentration and stimulate the release of PTH, resulting in increased bone resorption
and accentuation of osteopenia. Bauman et al. studied calcium and vitamin D metabolism in 100
subjects with chronic spinal cord injury compared with 50 normal control subjects (25). Subjects
with spinal cord injury had significantly lower 25-hydroxyvitamin D levels, the major storage
form of vitamin D, which was negatively correlated with serum parathyroid hormone (PTH).
Serum 1,25-dihydroxyvitamin D levels were significantly elevated in persons with chronic spinal
cord injury, and positively correlated with PTH levels, suggesting a state of secondary
hyperparathyroidism and associated increased bone turnover. Higher levels of PTH would be
expected to accelerate bone resorption of a skeleton already regionally osteoporotic as a
consequence of bone loss secondary to acute immobilization. Patients identified with this
deficiency state should be appropriated treated with vitamin D and calcium supplementation.

Bisphosphonates, which are analogues of pyrophosphate, markedly inhibit osteoclastic
activity. This class of agents reduces osteoclast niimber by inhibition of osteoblast recruitment,
adhesion and life-span, as well as reducing osteoclast activity. The utility of these agents,
especially alendronate, has been demonstrated in the treatment of diseases with increased bone
turnover. Animal studies have suggested that bisphosphonates reduce bone loss after skeletal
unloading (26,27). Although removed from the market because of incidental reports of
associated myeloproliferative disorders, disodium dichloromethylene diphosphate, when
administered soon after acute spinal cord injury, ablated resorptive hypercalciuria and prevented
loss of BMC of the tibia and femur (28). Administration of tiludronate, another bisphosphonate,
to subjects with paraplegia has been shown to reduce bone resorption by reducing the number of
osteoclasts without impairing bone formation (29). The role of bisphosphonates in the treatment
of bone loss in acute and chronic spinal cord injury remains to be defined.

Discussion

- At present in individuals with acute or chronic spinal cord injury, bone mass is
quantitated in most studies by employing DXA. With varying amounts of fat tissue mass present
in atrophied limbs, there may be uncontrolled and variable attenuation of the x-ray beam,
resulting in spurious reductions in the bone mass in association with increases in fat mass. It
would be vital to validate bone and soft tissue mass measurements that have been acquired with
DXA with the more direct methodology of IVNA (19). 1t is anticipated that regional IVNA may
be performed in persons with acute spinal cord injury before, as well as after, tissue
compartments have undergone dramatic changes. Validation of DXA is imperative to have
confidence in the accuracy of findings, especially when performing intervention studies.
Accurate quantification of bone mass changes after the administration of pharmacological agents
to prevent bone loss in those with acute immobilization or to enhance bone formation in those
with chronic immobilization requires that DXA or other methodologies applied for this purpose
be validated. The distinct possibility exists that these studies may be performed with a new
technology, gamma ray nuclear resonance absorption (GNRA). At a markedly reduced radiation
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exposure compared with IVNA, the method of GNRA would provide a full body imaging
technique that provides element-specific absorptiometry while generating a conventional
radiograph of the subject that may be used to determine regional measurements of bone and soft
tissue components (30,31). Thus, the method of GNRA may be applied to provide a highly
accurate appraisal of vertebral body bone mass, or that of other areas of the skeleton. DXA, and
other methods incapable of localizing a specific region with as great a precision of measurement,
may provide spurious results secondary to extraneous calcification.
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d,day ; m,month;n, number of subjects.

Figure 1: Urinary Excretion of Calcium and Serum Calcium Concentrations in Persons after Acute SCI.
(From Claus-Walker J, Campos RJ, Carter RE, et al. Calcium excretion in quadriplegia. Arch Phy Med
Rehabil, 1972;53:14-18; with permission.)
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Figure 2: Calcium Metabolism in Persons with Acute SCL (A) Plasma levels of 25-
hydroxyvitamin D (25 OH D) and 1,25-Dihydroxyvitamin D (1,25(0H),D). Despite normal
plasma 25 OH D values, 1,25(OH),D values were reduced, suggesting a reduction in circulating
parathyroid hormone levels. (B) Levels of nephrogenous cyclic AMP and plasma
immunoreactive parathyroid hormone (PTH). Mean urinary cyclic AMP (+5.D.) was 2.28+0.63
nmol per 100 ml of glomerular filtrate. Both the biologic and immunologic indexes revealed a
reduction in circulating parathyroid hormone concentration. GF denotes glomerular filtrate.
(From Stewart AF, Adler M, Byers CM, et al: Calcium homeostasis in immobilization. An
example of resorptive hypercalciuria. New Eng J Med, 1982;306:1136-1140; with permission.)
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Figure 3: Comparison of Mean Regional Bone Mineral Content Between Twin Groups. (A) BMC is
presented in grams (g). (B) BMD is presented in grams per centimeter squared (g/cm’). The darkly shaded
bars are the SCI twins and the lightly shaded bars, the nonSCI twins. Arm was not significantly different
(BMC: 508+72 vs. 506+66, n.s.; BMD: 1.100+0.110 vs. 1.080+0.120, n.s.); leg was significantly lower in
the SCI twins '(BMC: 1323+225 vs. 759£170, P<0.0001; BMD: 1.450+0.120 vs. 0.940+0.140,
P<0.0001); pelvis was significantly lower in the SCI twins T(BMC: 37064 vs. 186+44, P<0.0001; BMD:
1.277+0.110 vs. 0.904:0.120, P<0.0001); and spine was significantly higher in the SCI twins HBMC:
289438 vs. 332439, P<0.01; BMD: 1.199+£0.110 vs. 1.268+1.200, P<0.05). (From Bauman WA,
Spungen AM, Wang J, et al. Continuous loss of bone during chronic immobilization: A monozygotic twin
study. Osteopor Internat, 1999;10:123-127; with permission.)
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Figure 4: Associations between Leg Bone Mineral Content and Density with Age and Duration
of Injury. In the SCI twins, (A) bone mineral content (BMC) and (C) bone mineral density
(BMD) are plotted against duration of injury. (Note the lack of a significant association. ) Linear
regression analyses of leg 1ntrapa1r difference (IPD) scores are plotted for (B) BMC (R*=0.60,
P<0.05) and (D) BMD (R?=0.70, P<0.01). The IPD score represents the quantity of bone lost in
the SCI twin compared with the nonSCI co-twin. (From Bauman WA, Spungen AM, Wang J, et
al. Continuous loss of bone during chronic immobilization: A monozygotic twin study. Osteopor
Internat, 1999;10:123-127; with permission.)
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ABSTRACT

Immobilization from acute spinal cord injury results in rapid loss of muscle tissue and a
relative gain in adiposity. A more gradual but relatively increased loss of muscle subsequently
ensues at a rate that exceeds that of aging in the able-bodied population, suggesting a state of
accelerated sarcopenia. In addition to immobilization, reductions in endogenous anabolic
hormones may be partially responsible for these adverse body composition changes. Present
surrogate techniques for the determination of body composition rely on assumptions that have
not been validated in persons with regional body composition changes of extreme magnitudes,
such as in persons with spinal cord injury. In vivo neutron activation analysis would permit a
direct determination of body soft tissue compositional analysis in individuals with paralysis.
Strategies must be sought to preserve skeletal muscle with aging in order to maintain function
and independence, as well as reduce the risk of several chronic illnesses associated with
advancing age. The application of prompt in vivo neutron activation analysis to detect nitrogen,
allowing the quantification of relatively small changes in muscle mass after therapeutic
intervention, may be particularly efficacious. Regional measurement of muscle is now deemed
possible at Brookhaven National Laboratory, as well as at satellite centers in the New York
metropolitan area. The body composition modality of gamma nuclear resonance absorption,
presently being developed, will permit similar diréct measurements of soft tissue compartments
at a greatly reduced radiation exposure to that of in vivo neutron activation analysis. It is
envisioned that gamma nuclear resonance absorption will someday allow the isolation and
quantification of the muscles of respiration in the chest wall, presently not possible with any
other body composition technique.

Soft Tissue Body Composition Changes in Persons with Spinal Cord Injury

Spinal cord injury predisposes the individual to medical complications and secondary
disabilities such as obesity, lipid abnormalities, carbohydrate intolerance, and cardiovascular
disease. One hypothesis for these secondary disabilities is that they are the result of adverse
body composition changes, i.e. increased adiposity and decreased muscle mass. Persons with
spinal cord injury have body compositional changes that are similar to those in aged humans,
including loss of lean tissue mass and increase of fat tissue mass. Only a few longitudinal studies
have been reported that have captured body composition immediately after spinal cord injury,
before changes from paralysis have occurred, and have then performed serial measurements.
These studies are relatively small in the size of cohorts. Using baseline measurements performed
several weeks after acute spinal cord injury, Wilmet et al. reported on bone mineral and soft
tissue changes in 31 subjects over the course of the first year of injury (1). In all subjects, lean
soft tissue decreased dramatically in regions of the body that were paralyzed. Fat content tended
to increase in the paralyzed areas as well. Rossier et al. studied 17 subjects with spinal cord
injury within one-month after injury and then again 2-12 months post injury. This group
demonstrated that within the first year after injury there was a significant amount of total body
potassium depletion and weight loss of lean body mass (2). By using cross-sectional designs
comparing age- and height-matched reference populations, previous investigators have
demonstrated lean tissue loss and/or fat tissue gain in individuals following chronic spinal cord
injury (3-5). Rasmann Nubhlicek et al. studied 37 subjects with spinal cord injury classified into
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four levels of lesion subgroups and 10 controls (3). Total body water, intracellular water and lean
body tissue were significantly decreased. Fat mass increased as the level of neurological deficit
increased (3). In a cross-sectional study, Spungen et al. reported significant decreases in percent
of regional and total body lean tissue in male subjects with tetraplegia (n=66) or paraplegia
(n=66) with a mean age of 39+1.5 years (range 20-71) compared with gender-, age-, height-, and
weight- matched controls (n=66) (Figure 1) (6). These differences were most pronounced in the
arms and legs, and less so in the trunk. Of particular interest, the arms in persons with paraplegia
had significantly less percent lean tissue compared with controls (67.3+1.26 vs. 79.9+1.03%,
p<0.0001) (Figure 1). The slope of change across age for total body lean tissue was steeper in
subjects with SCI than in controls (-0.306+0.073 vs. —0.093+0.89, p<0.07) (Figure 2). No total
body or regional differences in this cross-sectional rate of loss were observed between subjects
with tetraplegia and paraplegia. Male subjects with spinal cord injury can be expected to lose
about 3.2% per decade of their total body lean tissue versus 1% per decade in able-bodied males
(Figure 2).

Due to the individual variability in body composition, a cross-sectional design limits the
ability to determine the precise amount of lean tissue loss and fat tissue gain attributable
exclusively to paralysis. Longitudinal studies are relatively expensive and pose enormous
logistical problems; it is crucial to perform measurements before the body composition changes
have occurred immediately after immobilization and then to enlist subjects to perform these body
composition measurements intermittently over the following decades. A creative solution to
defining these changes in body composition, independent of genetic variability and aging, is the
use of a cross-sectional monozygotic twin model. In an identical twin study, with one co-twin in
each of the 8 pairs having spinal cord injury, Spungen et al. reported a loss of total body and
extremity muscle mass that was continuous and directly related to duration of injury; 3.9+0.2 kg
of total body lean tissue lost per 5 year period of injury (Figure 3) (7). Possibly related to these
adverse body compositional changes and reduced levels of activity, individuals with spinal cord
injury have a pattern of metabolic alteration that is atherogenic, with adverse lipid changes (8,9),
glucose intolerance (10,11), insulin resistance (10), and a reduction in metabolic rate (12,13).

Individuals with spinal cord injury have unique changes in body composition. Present
techniques for the determination of body composition rely on assumptions that have not been
validated in persons with regional body composition alterations of such extreme magnitudes as
that seen in persons with spinal cord injury. For instance, dual energy x-ray absorptiometry relies
on traditional constants developed from hydrostatic weighing of a cross section of the
population. Because of inherent difficulty in performing hydrodensitometry in persons with
spinal cord injury for the determination of accurate soft tissue compartments (12), the application
of dual energy x-ray absorptiometry for the determination of lean or fat mass measurements in
this population must also be suspect. Spungen et al. has demonstrated the variability of clinical
methods that are commonly used in the determination of body fat in individuals with tetraplegia
(13). In vivo neutron activation (14) analysis would permit a direct determination of body soft
tissue compositional analysis in individuals with paralysis and provide a standard for validation
of more readily available methods, such as those of dual energy x-ray absorptiometry and
bioelectrical impedance analysis.

The losses in lean body tissue are directly reflected in the metabolic rate. In 12 subjects
with spinal cord injury, Spungen et al. demonstrated a strong relationship (r=0.803, p<0.002)
between metabolic rate and fat free mass in persons with spinal cord injury (14). The greater the
reduction in lean body tissue, the greater the decrease in resting metabolic rate (Figure 4) (14).
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Supporting the findings of Spungen et al., in 48 subjects with spinal cord injury Mollinger et al.
described a 12 to 29% reduction from predicted values for basal energy expenditure, with those
who had higher levels of injury and presumably less lean tissue mass having the greater
reductions in basal energy expenditure (15).

Anabolic Hormonal Changes in Persons with Spinal Cord Injury

A deficiency state of endogenous anabolic hormones has the potential for adverse soft
tissue changes. Although the literature in persons with spinal cord injury is controversial, there
are undoubtedly subsets of individuals with a relative or absolute androgen deficiency state. The
etiology of a relative deficiency of testosterone in persons with spinal cord injury has not been
elucidated. In a group of 20 healthy subjects, 12 with paraplegia and 8 with quadriplegia,
Tsitouras et al. reported that a subset had reduced serum total and free testosterone levels without
a significant increase in serum gonadotropin concentrations (16). Of note, serum testosterone
levels were already low in younger individuals with spinal cord injury, therefore a decrease with
age was not observed, as in the able-bodied controls. However, serum testosterone levels
significantly decreased with duration of injury. Wang et al. also reported on a subset of subjects
with spinal cord injury who had low serum testosterone levels, but none had increased serum
gonadotropin levels (17).

Growth hormone and insulin-like growth factor 1 (IGF-1) have been reported to be
depressed in individuals with spinal cord injury. In a group of 16 subjects with spinal cord
injury, Bauman et al. reported a blunted growth hormone release to provocative stimulation with
intravenous arginine (18). The average plasma IGF-1 level was lower in younger individuals
with spinal cord injury than that in younger able-bodied controls. Similarly, Shetty et al reported
that the average plasma IGF-1 level in persons with tetraplegia was depressed compared with
ambulatory controls (19). In a study of persons with post poliomyelitis syndrome, lower plasma
IGF-1 levels were found to be a potent discriminator of those who had decreased capacity to
perform activities of daily living, reduced functional independence, and increased pain (20).
Although it is not possible from this investigation to determine cause or effect (21), it would
appear that depression in plasma IGF-1 in persons with spinal cord injury is associated with
reductions in muscle mass and strength, and, hence, functional capacity.

Therapeutic intervention with physiological replacement of endogenous anabolic
hormones has been performed in the able-bodied population with beneficial results. Such clinical
interventions in individuals with SCI have been undertaken experimentally in limited trials. The
application of prompt in vivo neutron activation analysis to detect nitrogen, allowing the
quantification of relatively small changes in muscle mass after therapeutic intervention, may be
particularly efficacious. In addition, regional measurement of muscle is now deemed possible at
Brookhaven National Laboratory and at St. Lukes Roosevelt Hospital Center, as well as at other
satellite centers in the New York metropolitan area. The body composition modality being
presently developed of gamma nuclear resonance absorption will permit similar direct
measurements of soft tissue compartments at a greatly reduced radiation exposure compared with
that of in vivo neutron activation analysis.

In addition to attempts at physiological replacement of endogenous anabolic hormones,
another potential consideration is the limited administration of anabolic steroids for specific
indications in persons with spinal cord injury. A recent report demonstrated that oxandrolone
increased parameters of inspiratory and expiratory pulmonary function in subjects with
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tetraplegia (22). Changes in diaphragm mass after the administration of this anabolic steroid have
been directly correlated with changes in maximal inspiratory effort. After therapy, breathlessness
significantly decreased (23). In addition to increased diaphragm mass, in those with incomplete
motor spinal cord injury, the question arises as to whether the chest wall, intercostal muscles, and
abdominal wall muscles were augmented with anabolic steroid therapy. The technique of gamma
nuclear resonance absorption (24,25) holds promise to allow the isolation and quantification of
the muscles of respiration in the chest wall, presently not possible with any other technique to
assess body composition.

Summary

In persons with spinal cord injury, there is an initial, dramatic loss of muscle mass
following acute paralysis. However, even decades after injury, there is a continuous loss of lean
body tissue that is at an increased rate compared to that observed in able-bodied persons. This
depletion of muscle mass in individuals with spinal cord injury may be viewed as a form of
accelerated sarcopenia, greater than that of the general aging process. Current body composition
techniques rely on assumptions that have not been validated in persons with extreme body
composition changes. In vivo neutron activation analysis would permit a direct determination of
soft tissue body compositional analysis in individuals with spinal cord injury. Validation of
existing techniques for the determination of body- composition, specifically dual energy x-ray
absorptiometry is of importance for measuring potential changes due to therapeutic intervention.
The superimposition of on-going, age-related loss in muscle mass on an already reduced lean
body mass places persons with spinal cord injury at increased risk of adverse consequences, such
as an increased risk of diabetes mellitus, increased rate of infection, reduced tissue repair,
decreased pulmonary function, and further impaired functional mobility.

In older persons with spinal cord injury, there is a relative increase in adiposity,
especially intraabdominal, that may increase the risk of cardiovascular disease. It is conceivable
that an unfavorable hormonal environment with depressions of the endogenous anabolic
hormones, testosterone and growth hormone/IGF-1, may worsen body composition in
individuals who are partially or completely paralyzed. Reversal of this catabolic hormonal milieu
with physiological replacement therapy may help preserve muscle mass, strength, function, as
well as preserve a more rewarding and independent quality of life. In addition, a reduction in
relative or absolute adiposity may lower the risk of cardiovascular disease.

Another potential consideration is the limited administration of anabolic steroids for
specific indications in persons with spinal cord injury. With regard to this therapeutic
intervention, the technique of gamma nuclear resonance absorption holds promise to allow the
isolation and quantification of the muscles of respiration in the chest wall.
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Figure 1: Regional and total body lean tissue percent comparisons among controls and persons

with tetraplegia (Tetra) and paraplegia (Para). *p<0.0001 for Tetra vs. Para; .p<0.0001 for Tetra
vs. Control, p<0.0001 for Para vs. Control, p<0.01 for Para vs. Control. (Unpublished data
provided by Drs. William A. Bauman and Ann M. Spungen.)
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Abstract

This overview summarizes main body composition research concepts, examines new component
measurement methodologies, and identifies potential areas for future research. Particular
emphasis is placed on the use of imaging methods in both clinical and research settings, as a
useful body composition method.

Introduction

Research in body composition research is devoted to the study of three interconnected
areas [1]: investigating the steady-state association between components; developing and
evaluating methods of quantifying body composition; and evaluating factors which influence
body composition. Integral to the study and treatment of human obesity and other nutritional
disorders is quantification of the main body components. In this overview, we provide a
summary of body composition components and their associations in vivo and body composition
methodology.

The human body consists of over 30 components (compartments) distributed across four
main organizational levels: atomic, molecular, cellular and tissue system (Fig. 1).
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Figure 1. Four organizational levels of the human body and the related compartments.

The sum of all components at each level of body composition is equivalent to total body
mass [2]. An understanding of the theoretical and empirical bases of these levels and of the inter-
relationships among the components at different levels is essential for properly applying body
composition methods. We review the main characteristics of each body composition level in
turn.

BODY COMPOSITION LEVELS:

Atomic. More than 99% of the total human body mass is comprised of 11 elements [1]. These
elements are the foundation for reconstructing molecular level components. For example, the
average proportions of triglyceride as C, H and 0 are stable at approximately 76.7%, 12.0%, and
11.3%, respectively [3,4]. Elements can also be grouped into larger compartments such as
carbon- free body mass (Fig. 1) for use in model development [5]. These stable elemental
triglyceride proportions permit the development of methods for deducing total body triglyceride
or 'fat’ from total body carbon and other elements [6]. Brookhaven National Laboratory is unique
in having the world’s most complete set of instruments for evaluating the atomic level of body
composition. .

Molecular. The main elements and additional essential trace elements that are found in small
quantities combine to form chemical compounds, which may be grouped into broad classes that
define the molecular level of body composition [1]. The main molecular level component
consists of lipids, water, proteins, minerals and carbohydrates (Fig. 1). Lipid is the main
molecular level component of interest in the study of human obesity and are defined as chemical
compounds that are insoluble or partially soluble in water but can be taken up into solution. by
organic solvents such as chloroform or petroleum ether [7]. Examples of compounds detected in
lipid-solvent extracts of human tissues include triglycerides, sphingomyelin, phospholipids,
steroids, fatty acids and terpenes.

Cellular. The cellular level is comprised of the following three main components: cell mass,
extracellular fluid and extracellular solids (Fig. 1). Connective, epithelial, nervous and muscular
cells are specific cell types. Adipocytes serve as the primary storage site for triglycerides.
Storage triglycerides are usually excluded in the estimation of 'body cell mass', a term which
refers to the active protoplasmic portion of cells. The cellular level can therefore be considered
as fat, body cell mass, extracellular fluid and extracellular solids. The body cell mass advanced
by Moore et al. [10] refers to the materials comprising cells that are actively involved in oxygen
consumption and heat production. Both body cell mass and molecular-level fat-free body mass
are often used in research studies as measures of 'metabolically active' tissue mass.
Tissue-system. The main components at the tissue-system level are adipose tissue, skeletal
muscle, bone and visceral organs (e.g. liver, kidneys, heart, etc.). Adipose tissue includes
adipocytes with collagenous fibers, fibroblasts, capillaries and extracellular fluid. The four types
of adipose tissue are subcutaneous, visceral, interstitial and yellow marrow [4]. Visceral adipose
tissue was first quantified with the introduction of computerized tomography (CT) in the late
1970s [11]. Magnetic resonance imaging (MRI) methods now provide an alternative to CT as a
means of quantifying visceral adipose tissue and other tissue-system level body composition
components [12]. Similar to other body composition levels, components can be grouped into
metabolically active compartments such as ‘adipose tissue-free body mass’ (Fig. 1). The tissue-
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system level is important for the study of energy metabolism because the cells within each organ
and tissue consume similar amounts of oxygen and produce equivalent amounts of heat. As the
resting energy expenditure (REE) of each organ and tissue is approximately known from
catheterization studies, an individual's REE can be estimated from their measured whole-body
amounts of various tissues and organs. In a recent study, Gallagher et al. [12] measured organ
and tissue volumes in 13 adults using whole-body MRI. The investigators, using reported stable
relationships between organs and tissues, other body composition components and REE,
estimated REE, body cell mass and fat-free body mass from the measured tissue- system level
components [12]. The pooled mean results, shown in Figure 2 [12], demonstrate the linkages
between REE and three body composition levels, molecular, cellular and tissue-system.
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Whole body. The whole body level, not shown in Figure 2, includes characteristics such as body
mass, stature, body density, resistance, skinfold thickness and circumference. Most research
methods used for estimating the main body composition components in field studies are at the
whole-body level of body composition. These measurements, such as skinfold thickness, are
often used with prediction equations to estimate components (e.g. fat and skeletal muscle) at the
other four-body composition levels [1]. An important body composition methodology concept is
that associations exist between components at the same level or at different levels. Some
components maintain very stable associations with each other within and between individuals:
fat/adipose tissue = approximately 0.80 [4]; total body water/fat-free body mass =approximately
0. 73 [9]; and total body oxygen/carbon-free body mass = approximately 0.80 [5]. As noted
earlier for total body water, these associations between components are important in developing
body composition methods [13]. As an example, adipose tissue mass can be estimated from total
body fat if the fat mass/adipose tissue mass ratio is assumed constant at 0.80. This edtiversipn
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factor would be useful when comparing, for example, fat mass estimates by dual energy X-ray
absorptiometry to adipose tissue volume/mass estimates by MRI.

BODY COMPOSITION METHODS :
Applications

The methods we have selected to review are considered appropriate for clinical and
research applications and may be divided into descriptive and mechanistic methods. Descriptive
methods share in common the following characteristics: 1) a statistically significant correlation
between a measured property (e.g. impedance at 50 kHz) and a body component (e.g. total body
water); 2) requirement for a prediction formula linking property to component (e.g. impedance to
total body water); and 3) prediction formula development and cross-validation on well
characterized individuals using established reference method for component measurement.
Descriptive body composition methods are in general relatively simple and inexpensive. The
accuracy of descriptive methods depends in part on the more accurate, reproducible and
expensive 'laboratory-based mechanistic methods against which they are calibrated. Mechanistic
methods are typically based on the aforementioned 'stable' component associations, such as fat-
free body mass hydration [9] and density of fat-free body mass [4]. For example, underwater
weighing based on a mechanistic model (i.e. known and constant densities of fat and fat-free
body mass) is typically used as the reference for estimating fat mass when developing
anthropometric prediction formulas.

Descriptive methods

Anthropometry.

Anthropometry is the least expensive and most widely used method of assessing human
body composition. Anthropometric measurements useful in the clinical and research setting
include body weight, stature, skinfold thickness, circumference of the trunk and limbs and
sagittal diameter. In addition, anthropometry is useful in clinical and epidemiological studies to
grade the degree of malnutrition or obesity in populations.

Bioimpedance analysis.

Bioimpedance analysis (BIA) was introduced over ten years ago as a simple, safe, and
relatively inexpensive means of quantifying body composition components [21]. The National
Institutes of Health in 1994 sponsored a Technology Assessment Conference on BIA and this is
a good source of technical and research information on this important topic [22].

BIA is based upon the principle that tissues rich in water and electrolytes are less
resistant to the passage of an electrical current than lipid-rich adipose tissue. In theory, an
individual with no adipose tissue would have minimum impedance, and impedance would
increase to a maximum when all lean tissue was replaced by lipid-filled adipose tissue.
Impedance methods include an estimate of height to adjust for between-individual differences in
electrical path length [23]. The path length typically evaluated is arm-to-leg, although
measurement of an isolated limb or trunk impedance is increasing in popularity.

Practically all BIA body composition methods are based on 'descriptive’ prediction
models. This is important because developed prediction formulas should only be applied to
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populations for whom the regression equation was developed. Inaccurate results can be
anticipated when, for example, BIA is applied in obese individuals and component prediction
formulas are used that were developed in normal weight individuals.

Mechanistic methods

Isotope dilution.

The most important isotope dilution method is the use of isotopically labelled water
(H»0, D20 and Hzlgo) [27]. The total body water component is of interest per se, and water
estimates also allow evaluation of fat-free mass and fat. The classic mechanistic method of
estimating fat and fat-free body mass is based on the assumed stable hydration of fat-free mass
(i.e. total body water/ fat-free mass = 0.73). Fat-free mass can be calculated using this ratio once
total body water is known from isotope dilution. Fat can then be calculated as the difference
between body weight and fat-free mass.

The widespread applicability of total body water methods is based on their simplicity,
low cost and overall safety, particularly of stable water isotopes. The main limitation of this
useful method is the model error introduced when hydration is rendered abnormal (i.e. 0.73) by
various diseases and with other states such as growth and aging. Other dilution methods are
available for evaluating extra-cellular and intracellular water compartments.

Dual-energy X-ray absorptiometry.

Although dual energy X-ray absorptiometry (DXA) was originally introduced for
measuring the amount of mineral within bone, this important method can also be used to estimate
fat and lean soft tissue [28].

The DXA method evolved from the simpler single-photon absorptiometry method used to
quantify bone in areas with little overlying soft tissue [29]. When soft tissue is minimal, photons,
emitted from a radioactive source, are attenuated almost exclusively by higher atomic weight
elements such as calcium and phosphorus in bone. Single-photon absorptiometry was and, to
some extent, is still useful in evaluating between-individual regional bone mineral differences.
Bones buried deep within soft tissues were not measurable, however, with single photon
methods. In 1981, Peppler and Mazess [30] first introduced the concept of dual-photon
absorptiometry. Two photon energies were passed through tissue and attenuation measured. The
relative attenuation of the two discrete photon streams is a function of tissue elemental
composition. This phenomenon can be described using the ratio, or R-value, of low to high
photon energy attenuation. The R- value at any given energy for each element is known and
constant. High atomic number elements usually have high R-values [31] for a representative
system. Dual-photon systems and the more recent DXA method quantify relative attenuation of
the two main photon peaks as they pass through tissue. Bone, rich in calcium and phosphorus,
has a high relative attenuation and R-value; fat, which is mainly low atomic number hydrogen
and carbon, has a low R-value; and lean soft tissues with oxygen and electrolytes have an
intermediate R-value [32]. Although dual-photon methods are complex, systems conceptually
measure each pixel's (i.e. picture element) R-value as they pass over regions or the whole body
and then reconstruct three compartments, bone mineral, fat and lean soft tissue, using
manufacturer-specific reconstruction algorithms [26,29]. Estimated R-values are similar for all
lean soft tissues and are not measurably influenced by age [33].
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Software available on most DXA systems allows evaluation of regional body
composition in addition to whole-body estimates. The regional approach provides fat
distribution measures and, assuming most extremity lean soft tissue is muscle, a measure of
appendicular skeletal muscle mass [31].

There are now many validation studies that demonstrate good correlations between DXA
and other reference body composition methods in animals and humans [34,35,36]. However,
some discrepancies between DXA and other reference methods are still reported and the reasons
for these discrepancies are the subject of current research interest. Additional ongoing concerns
are the influence of altered hydration and body thickness on DXA fat estimates {37]. One such
concern with dual-photon methods is whether or not changes in soft tissue hydration influence
body fat estimates [38]. In order to examine this question, we developed two models of soft
tissue hydration [38].

We simulated the errors that would arise with addition of various amounts and
proportions of fluid such as water and sodium chloride. The R-value for simulated tissue and
solution are known allowing, through a series of complex models, for the analysis of errors
arising in body fat estimation by DXA. The simulated fat fraction error, expressed in percentage
fat units, and soft tissue baseline composition is assumed to be 25% fat and 75% lean. Negative
and positive errors as shown in the figure represent under- and overestimates of actual
percentage fat, respectively. Our analysis indicates that there are three independent determinants
of error magnitude: elemental content of over-hydration fluid, fraction of combined fluid+soft
tissue as over-hydration fluid, and initial soft tissue composition. Small but systematic and
predictable errors in DXA soft tissue composition analysis thus can arise with fluid balance
changes [38].

A major advantage of DXA methods is that whole-body scans require less than 20 min
for the average adult or child, requiring minimal subject participation and radiation dosages are
very low (< 1 mrem). While costs vary, in general the amount charged exceeds that for simpler
methods such as BIA or anthropometry. Moreover, DXA is a stationary instrument suitable for
laboratory research and at present clinical use for soft tissue analysis is limited.

In-vivo neutron activation analysis - whole body counting

Oxygen, C, H and N account for >95% of body mass and seven additional elements-Na,
K, P, Cl, Ca, Mg and S- comprise >99.5% of body mass [1,4]. Because some elements maintain
stable associations with other elements or chemical compounds (e.g. kg/kg: S/N = 0.062; N/
protein = 0. 16; and Cltriglyceride = 0.77), estimation of these elements in vivo allows for
evaluation of other body composition components (e.g. S, protein and triglyceride).

Most elements of interest can be quantified using a group of methods referred to as
neutron activation analysis. These include total body H, C, N, 0, Na, Ca, P and Cl. Additionally,
total body potassium (TBK) can be measured with naturally occurring radioactive K [39] and
this method is included as part of some neutron activation protocols.

Neutron activation systems are complex instruments that rely on a simple principal:
elements within exposed to a neutron flux become 'activated' and the resulting decay products
can be counted concurrently (prompting an inelastic scattering neutron activation) or following
neutron irradiation (delayed neutron activation). Neutron activation methods are valuable as
references for total body fat, protein, extracellular fluid and bone mineral [40]. Neutron
activation systems tend to be costly and require specialized personnel for their maintenance and
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operation. As a result, these invaluable methods are only available on a limited scale and they are
not widely used at present outside of specialized research facilities such as the National
Laboratory at Brookhaven.

TBK can be estimated without neutron irradiation. Potassium found in humans is mainly
non-radioactive *’K, although a small portion (0.0118%) consists of radioactive 4'OK. Once the
individual’s “°K amount is measured by whole body counting, TBK can be estimated as TBK
(mmol)=""K/0.000118 [41]. TBK can be used to estimate body cell mass, fat and fat-free mass.

Imaging

CT and MRI provide investigators with the opportunity to evaluate tissue-system level
components in vivo [42, 43, 44, 45] Cross-sectional high resolution images can be produced by
CT and MRI and multiple cross-sectional images can be used to reconstruct various tissue
volumes including total, subcutaneous and visceral adipose tissue, skeletal muscle, brain, organs
(i.e. liver, spleen, kidneys and heart), skin, bone and other smaller organs and tissues [42]. The
mass of the organ or tissue can then be calculated as organ/tissue volume x assumed density. The
tissue-system level of body composition can be analyzed using CT and MRI methods in vivo
with a high degree of accuracy and reproducibility.

Cross-sectional CT images can be used to measure the area of body composition
components of interest [11,42,46-50]. There are two methods used to measure tissue areas. The
first approach is to visually trace the component's outer edge and then use CT scanner software
to provide the component's cross-sectional area. Structures such as liver and some skeletal
muscles can be evaluated using this method. The second method is to trace the structure and then
use CT scanner software to specify a pixel range for the component of interest. This method
assumes that the traced area consists of at least two components. For example, adipose tissue
area within a traced region of skeletal muscle can be estimated by selecting the pixels that range
between - 190 and - 30 HU [42,48]. Components have characteristic pixel ranges that can be
experimentally established [51]. The second approach is useful in separating complicated
structures that include more than one tissue. Visceral adipose tissue is found anatomically
between intestinal loops and other abdominal structures. Visceral adipose tissue would be
difficult to directly trace, thus necessitating use of the 'pixel range' method.

MRI scans are analyzed in a manner similar to that described for CT, although the
quantification of MRI data is not as straightforward as it is for CT. With CT, pixel values
consistently represent specific tissues regardless of slice position or assessed individual, whereas
MRI pixel tissue values vary from slice to slice or between individuals. Improvements to MRI
hardware and software have reduced artifacts and substantially improved the quality of MRL
Some examples of MRI validation studies are presented in references [50,52-55].

The volume of a tissue or organ is derived in two steps. The volume for each image is
first determined by multiplying the area (cm®) of the tissue by the slice thickness. Regional or
whole body volume is next calculated using a mathematical algorithm [56]. Both CT and MRI
body composition estimates have been validated in phantoms and also in living and cadaver
animals and humans.

CT and MRI offer the opportunity for three-dimensional tissue volume quantification.
The images are sharp and tissue boundaries are relatively clear. No other currently available
methods can assess tissue- system level body composition components with the same level of
accuracy as CT and MRI. Because CT is associated with ionizing radiation, the trend in recent
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years is to favor MRI as the method of choice when available. Both imaging methods are costly
and at present are limited to research applications. A recent review examines the applicability of
CT and MRI to body composition research [55].

Both CT and MRI are widely used in research studies to evaluate lipid, hormonal and
other relations to body composition [55,57]. Whole-body [58], partial body [59] and even single
slice [60] evaluations are typically used.

Conclusion

There are now many methods of estimating body composition components and the
method selected depends on the specific purpose of the measurements. The nature of the
question posed will determine requirements for method accuracy and precision. Additional
important considerations include method cost, safety, practicality and availability. The question
is no longer whether a specific component can be measured, but which method is the most
suitable for the chosen application.

Brookhaven National Laboratory is unique in having the most advanced IVNA facility in
the world thus providing human elemental analysis. In turn, these measurements provide an
unparalleled reference for other methods, and in addition, gives provides us with the only present
means for estimating total body N and protein in vivo. There are numerous clinical projects that
are and can be based on these unique facilities.
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ABSTRACT

Alterations in body composition are seen in children with chronic renal insufficiency
(CRI) and end-stage renal disease (ESRD) who have failed to grow. Recombinant human
Growth Hormone (rhGH) has been widely used in the past several years to improve the somatic
growth of children with CRI/ESRD. Significant correction of body compositional changes
already can be seen in these children after 6 mos of thGH therapy. To evaluate growth and
attendant body compositional changes 7 pre-pubertal (n=6) and pubertal (n=1) children (4.3-13.4
years) were studied longitudinally with body compositional analyses after 6, 12 and 18 mos of
thGH. Total body fat (FM; +1.8%), fat free mass (FFM; +4%), total bone mineral mass
(TBBM;*1%), total body water (TBW; *+1.8%), and potassium (TBK;+4.2%) pre- and post-
rhGH SQ at 0.35 mg/kg/week were measured.

As expected significant increases in height and weight were seen following rhGH
therapy. These increases were accompanied initially by a decrease in fat% and FM, which
leveled off by 18 mos of thGH. Concomitantly, FFM, TBK, TBW, and ICW, all measures of
body cell mass, significantly increased compared to pre-rhGH values. The improvement in
the TBBM was profound with significant increases also observed in TBBM corrected for weight
by 18 mos post-rhGH. No significant changes in the Body Mass Index were seen. Growth in
these children is occurring with repletion of the FFM and TBBM compartments. BMI
measurements alone clearly miss these significant changes.

Total body compositional analysis obviously plays a crucial role in our understanding of
how growth is occurring in children with CRI/ESRD. The limitations of the technology,
however, have prevented evaluation of infants and small children during a period of one of the
most rapid growth phases of childhood. Although calcium accretion is certainly occurring in
these children, we also need to know more about the quality as well as quantity of bone mineral.

The key issue in applying serial body composition measurements to growing subjects is
to identify the upward vectors of growth, the downward vectors of chronic disease, and the
upward vectors of treatment, where the vector parameters are the newly available measurements
of body compartments: bone, cell mass, and adipose tissue, in addition to the traditional
parameters of renal function. We study children whom we would like to see grow, and any
radiation we use must be minimal. Have we, and will we, in the new era we have come to expect
from Brookhaven, have enough precision in measuring these compartments to be able to apply
these more fundamental measurements to influence patient care?
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INTRODUCTION

Growth retardation and metabolic bone disease are common complications of chronic renal
failure (CRF). Supraphysiologic doses of recombinant human growth hormone (thGH) have been used in
the past several years to treat the growth retardation of children with chronic renal insufficiency (CRI)
and end-stage renal disease (ESRD), presumably by overcoming the GH resistance of this condition. In
addition to the improvements of standard scores of height velocity, (I-4) weight gain (2,3) and
anthropometric measurements (3) have improved. Our earlier studies (5,6) have shown that the TBK and
FFM body compartments are both significantly reduced in children with CRI/ESRD consistent with a
reduction in body cell and skeletal muscle mass. Aithough the BMD was comparable to that of normals,
the TBBM was substantially reduced, especially in the children 0-5 years of age, suggesting a profound
effect of CRI/ESRD on bone mass. The FM ‘was also reduced, but when fat was expressed as a % of body
weight, no significant changes were seen. In growth hormone deficient patients during growth hormone
replacement therapy, growth hormone has been shown to normalize a number of body composition
variables (7). As the changes we have seen are similar to those in growth hormone deficient patients,
changes in body composition may be anticipated during the thGH therapy of children with chronic renal
failure. However, there have been very few investigators who have examined the effect of GH treatment
on body composition with CRF.

There have been numerous studies evaluating the mechanism of renal osteodystrophy in CRF
patients, which is a well-known complication of kidney failure affecting the control of bone modeling
with high or low bone tumover. Secondary hyperparathyroidism plays a central role in the pathogenesis
of the high tumover disease, whereas adynamic bone disease and osteomalacia are examples of low-
turnover disease. There is, however, very little data on bone mineral density and bone mineral content of
children with CRF.

The objectives of the present study were to assess prospectively body composition and
bone density/mineral content of children with CRF treated with thGH in order to determine if
thGH has any effect on these compartments.

METHODS
Subjects

We studied seven prepubertal (n = 6) and pubertal (n = 1) children with CRI (n = 5) and
ESRD (n = 2). Primary renal diseases were congenital in six, and acquired in one (Table 1). The
mean age was 8.2243.72 years at the start of thGH therapy (Nutropin AQ, Genentech, Inc,,
South San Francisco, CA). The subcutaneous dose used was 0.35 mg/kg/week. The patients were
studied before and after six, twelve and eighteen months of thGH therapy.

Inclusion Criteria were as follows: Height <5th percentile for chronological age, and/or
SDS score for height more negative than —1.88, and/or height velocity SDS <0 for six months,
Chronic renal failure (estimated creatinine clearance <75 ml/min/1.73m’ by the Schwartz
formula or ESRD (defined as receiving maintenance HD or PD), and weight >13 kg. and age
<21 years with growth potential demonstrable by bone age. Exclusion Criteria included the
following: Inability or unwillingness to adhere to the protocol, additional diagnoses that could
impair responsiveness to GH, e.g. dwarfism syndromes or significant extra-renal organ disease,
e.g. chronic liver disease, diabetes mellitus, AIDS, medications that influence growth, and
slipped capital femoral epiphysis or avascular necrosis of the femoral head.
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Body Composition Studies

Body composition studies included total body water (TBW); extracellular water (ECW);,
total body potassium (TBK); total body bone mineral (TBBM) and bone mineral density (BMD),
and body fat. All measurements are done while subjects were in a hospital gown, a minimum of one
hour after a light breakfast or lunch. Body weight was measured to the nearest 0.2 kg on a
standard physician’s office scale, and height was measured to the nearest 0.2 cm with a
stadiometer (Holtain, Britain). Body mass index (BMI) was calculated as kg/m?. Peritoneal
dialysis patients emptied their abdomen of dialysate at 0700 on the day of the studies.
Hemodialysis patients were dialyzed the day before the studies were to be performed.

TBW measurements by deuterium oxide.

Deuterium oxide has been extensively used for the measurement of TBW in adults and in
children for more than four decades (8). The dose for this study was at 0.05g/lb of body weight.
With this dose the D0 concentration at equilibrium is less than 0.03% of body water. On average,
plasma and saliva obtained two hours after dosing give identical TBW measurements (9). In this
study tracer concentration were measured in saliva 2 hours after ingestion.

ECW measurement by sodium bromide.

Non-radioactive bromide has long been used for the measurement of the ECW space in
children. Bromide is non-toxic and produces no discomfort in low concentrations. Non-radioactive
sodium bromide has been used for measuring ECW in infants and children for four decades (10).
The dose for this study was approximately 2.6 mg/lb for weights up to 150 Ibs,. With this dose the
bromide concentration at equilibrium is less than 2mg/100ml of ECW, less than 1/50 of the toxic
- level. We expected no risk or discomfort from this trace amount of bromide. The tracer dose was
combined with deuterium oxide and given to subjects orally. Tracer concentrations were measured
in the same saliva specimens collected for deuterium oxide 2 hours after ingestion.

TBK by whole body *K counting.

The whole body counter method for TBK measurements bypasses all of the problems of
exchangeable potassium. The 4-Pi whole body counter used in our laboratory provides satisfactory
measurement precision (+ 4.2%) for TBK measurement in subjects >13 kg (11). More than 1,000
children 4 to 18 years had TBK measurements in this counter between 1967 and 1970 (12). TBK
will be measured by whole body K counting (13).

BMD, TBBM, fat, FFM, and Appendicular Skeletal Muscle Mass by Dual-energy X-ray
absorptiometry (DXA).

DXA has rapidly gained acceptance in the study of body composition and bone development
in children, from newborns to adolescents with a measurement precision for bone of + 1% and
precision of measurement for body fat of +3-4% (14,15). Tt can detect small changes in bone
mineral and body composition (16). The sensitivity of measuring changes has been demonstrated as

63



4+40 mg for calcium, +180 mg for fat and £270 mg for fat free mass (17). The appendicular skeletal
muscle mass will be calculated from each DXA scan as described previously (18).

DXA total body analysis for BMD, TBBM, fat and FFM were performed immediately
after the TBK measurement. A Lunar DPX-L scanner (Lunar Corp. Madison, WI) was equipped
with pediatric software (3.8G) (27,28). DXA scans were performed with subjects in a supine
position. The entire body of each subject was scanned, beginning at the top of the head and
moving in a rectilinear pattern down the body to the feet. Mean measurement time was about 5
min, and radiation exposure is less than 0.2 millirem. Daily quality-assurance testing is
performed according to the manufacturer’s directions.

Statistics

Results are expressed as mean = SD. The paired Student’s t-test was used to compare the
two time periods and z-variates were used to compare to a normal population. A p-value <0.05
was considered significant.

RESULTS

Growth measurements before starting and afier 6, 12 and 18 months of rhGH therapy are
shown in Table 2. The children’s heights increased significantly in all three post-rhGH time
points (p <0.001). Weight also increased significantly (p <0.001). Although the Height SDS
decreased, but these changes proved not to be significant over this period of observation. Height
velocity increased, but this also was not a significant change. On the other hand, even with
significant changes in height and weight the BMI did not significantly change.

There was a significant decrease in and Fat% at six months (Table 3). The Fat% fell by
21% with a p-value of <0.05. This drop was associated with a concomitant increase in FFM. The
FFM increased over the pre-thGH values by 15% at 6 months and 27 % by 12 to 18 months with
p-values between <0.05 and <0.001 (Tables 4 and 5). TBK was significantly increased as well,
the changes paralleling the changes in FFM. Simultaneous changes in both the FM and FFM can
be studied by the FM/FFM index. As expected from the above data, the FM/FFM index
decreased. The decrease was, however, only significant at six months post-thGH (Table 3).

The total Body Water (TBW) in these children was 59% body weight. A small but non-
significant increase to 63%, is seen 6 months after starting rhGH. At 12 months a significant
increase to 64% (p=0.003) is seen with a further increase to 68% by 18 months post thGH
(Tables 3 and 4). A small increase in the Extracellular Water (ECW) was seen post-rhGH.
However, there was a very substantial increase in the intracellular water (ICW), and therefore,
the increase in TBW is largely the result of an increase in the ICW. The ECW/ICW ratio is
0.85+0.01 (+SEM) in age-matched normal children studied in our laboratory (14). Pre-rhGH this
value is higher and as expected decreases post-thGH because of the greater increase in the ICW.

Most of the body water (all the ICW) is contained within the FFM. The normal

TBW/FFM ratio is 72.6+0.3% (+SEM) in laboratory age-matched control children. This ratio
was 68% in our pre-thGH children, and remained unchanged following rhGH therapy for 6
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months. By 18 months post-thGH the ratio had increased by 13% to a value just slightly greater
than that seen in the laboratory age-matched children (Table 5).

The TBBM content is lower in children with CRI and ESRD when compared to age-
matched normal children (5). Following rhGH there was a significant increase in the TBBM
content of 9% with a p-value of 0.001 at 6 months. By 18 months post thGH the TBBM had
increased by 41%. Despite these increases in bone mineralization with growth, only after 18
months of thGH was a significant increase in the BMD seen.

DISCUSSION

Recombinant human GH therapy has resulted in significant increases in FFM and
decreases in FM and Fat% of children with CRF. Moreover, during GH treatment bone mineral
content increased substantially, consonant with the observed statural growth. These body
composition corrections were seen even without significant improvements of the height SDS or
increases in growth velocity. These findings differ from those of children with CRF without
growth retardation on no GH (21) where no significant change in the SDS scores for FFM, FM,
Fat% or TBBM content is seen over the same time period. Growth hormone is therefore not only
allowing growth retarded children with CRF to grow, but is allowing these growth retarded
children to appropriately replete body compartments.

Feber (22) has looked at the FM/FFM ratio as a way of expressing simultaneous changes
in both the FM and FFM. As expected in our children this index decreased from a time 0 value of
0.13 to a post-thGH value of 0.10, a 13% decrease (p<0.05) after 6 months. This decline
highlights the fact that the FM is decreasing at the same time the FFM is increasing, while in
normal children the change in body composition in 6 months would have shown a lesser change
in FFM and an increase in FM.

The TBW compartment in normal children is 55% body weight (5). A value of 59% body
weight is seen in our children pre-rhGH with a small increase post-thGH. As only a 4 % increase
in the ECW was seen in the first 6 months post-rhGH, the increase in TBW (3.2 Liters) is largely
the result of an increase in the ICW. The significance of this is that the ICW, which also is the
potassium containing space, is entirely contained within the body cell mass. This finding
highlights the fact that there is no change in the hydration status of these patients post-rhGH.
This data using independent methodology is consistent with our DXA results. Others (23,24)
have looked at TBW in children with CRF using BIA and anthropometry. Using these indirect
techniques Perfumo et al (23) were unable to detect differences in TBW or ECW post-rhGH.

The ECW/ICW ratio is 0.85+£0.01 in normal children. In most disease states the ECW
increases relative to the ICW. In our children a drop was seen from a pre-thGH value of
1.07+£0.46 to a value closer to normal, 0.76+0.15. As fluid overload is characterized by an
increase in this ratio, this does not account for the change seen. The decrease observed in our
children is most likely accounted for by an increase in body cell mass and again is internally
consistent with our DXA findings.
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Most body water is contained within the FFM. The normal TBW/FFM ratio is
72.6+0.3%. Stefanidis et al (24) in a group of children with ESRD on CAPD found a value of
74+1%. The ratio seen pre-thGH in our children was 68%, very comparable to normals. This
ratio did not change substantially post-rhGH, further underscoring the fact that the increase in
TBW seen in our study is a consequence of an increase in body cell mass and not secondary to a
change in hydration status.

We previously have shown that the TBBM content is lower (from 30% lower in 11-13
year olds to 45.2% in 2-5 year olds) in our patients with CRI and ESRD compared to age-
matched normal children (5). Following rthGH treatment we saw a significant increase in the
TBBM content in our patients. By 18 months post-thGH the TBBM/weight ratio was also
significantly increased (p<0.05). Furthermore, the increase in TBBM was associated with no
difference in total body BMD until 18 months post-thGH, indicating a growth in bone matrix just
matching the increase in mineral up until that point.

Unlike children with CRF, children with GH deficiency have both growth retardation and
a decreased BMD (7,25,26). In our studies as well as those of Boot (21) and Vaisman (27) the
mean BMD of growth retarded children was not decreased when compared to age-matched
control children. On the other hand in a recent report by Lanes (28) baseline total BMD was
decreased in prepubertal children with CRF. An increase in both the total BMD and mean pelvis
BMD was seen following GH. The latter observations may be partially explained by the fact that
the growth retardation (Height SDS = -3.5+1.0) was more profound in the children Lanes’
studied (28) compared to the children studied by Vaisman (27; Height SDS = -3.37+1.18) and
especially those by Boot (21; Height SDS = -2.29+0.49) and our study patients (Height SDS = -
2.03%0.56).

The BMI has been widely used as an index of body fatness when direct measurements are
not available. Our initial observations in children with CRF (5,6) indicated that the BMI is
misleading, failing to define the compartmental catabolic losses in FFM in CREF/ESRD children;
FM and FFM each contribute to the BMI, but when these change in the opposite direction,
particularly when FM increases while body cell mass decreases and vice versa, it is necessary to
measure the components separately. As can be seen here, there are no changes in BMI despite
the significant alteration in the components making it up pre- compared to post-rhGH.

The anabolic and lipolytic effects of growth hormone are observed early after the
initiation of GH therapy of children with CRF. Height, weight, body composition, and total body
bone mineral content significantly change following the start of GH in parallel with what is seen
in GH-deficient children following GH treatment. Thus, growth in CRF with GH therapy is
taking place with repletion of the lean body and skeletal masses. Multi-compartmental analysis
therefore is key to our understanding of how growth is occurring in children with CRF. Without
body compositional analysis it is impossible to clearly understand how growth hormone is
effecting growth in these children. Traditional ways of assessing growth such as BMI are
completely useless in this assessment.

Growth failure is a significant morbidity for children with CRI/ESRD. The “failure to
grow” is reflected in the body compositional changes in these children, which bear similarity to
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those seen in other disease states and animal models associated with elevated cytokines.
Subsequent recent data links cytokines to the growth hormone-insulin-like growth factor axis
through common intracellular pathways utilizing suppressor of cytokine (SOCS) proteins and the
JAK-STAT pathways. Correlation of factors like cytokines with body compositional changes is a
more precise way to correlate these or other potential factors with “growth failure”. Such studies,
therefore, place us in a better position to define the mechanisms of growth failure in children
with CRI and ESRD.
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Table 1

Age (vears) Age at Onset _ Diagnosis Sex CRI/ESRD Tanner Stage

13.36 Birth Obstructive Uropathy M ESRD I

6.2 Birth Spina Bifida F CRI I

5.7 Birth Obstructive Uropathy M CRI I

5.1 Birth Reflux Nephropathy M ESRD I

10.8 2 years Tubulointerstitial Nephritis F CRI I

12 Birth Obstructive Uropathy M CRI II

4.27 Birth Obstructive Uropathy F CRI |
Table 2 Time 0 +6 months Time 0 +12 months Time 0 +18 months

©=7) (o= (n=5) @=5) @=5) ©=5)

Age (years) 8224372 8.87+3.79%%* 718+3.6  8.3043.73*** (68+3.09 8.49+3.09%**
Height (cm) 115.9£20.3 120.8+20.2%** 116.9+21.1 127.4420.6%** 106.4+£145 119.3+]13.3%*+*
Weight (kg) 229498  255+10.9%¥** 220+106 285+13.0%* 186469  23.6+7.7*%*
SDS Score Height -2.03+0.56 -1.71+0.57 -1.98+0.65 -1.64+0.08 -2.26+0.36 -1.81x+0.66
SDS Score Weight -1.25+0.24 1.06+0.33 -1.36+0.18 -1.048+0.18* -1.28+0.29 -1.02£0.51

Values are Mean + SD *p<0.05, **¥p<0.005, ***p<0.001
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Table 3 Time O +6 months % Baseline
(n=7) (n=7)
Fat% 11.943.6 9 4+3 8% 78.9
FM 2.59+0.96 2.244+0.99 86.5
FFM 20.3349.10 23.27+£10.45%* 114.5
FM/FFM 0.13+0.05 0.10+0.05* 76.9
TBK 13724642 1523+745%* 111
TBK/FFM 63.39+4.88 60.82+6.13 95.9
TBW 15.44+5.59 18.62+7 46%* 120.5
TBW/FFM 0.68+0.02 0.67+0.02 98.5
ECW 7.1242.17 7.38+2.57 103.7
ICW 8.32+3.61 11.24+4 91%* 135
ECW/ICW 0.95+0.36 0.68+0.07 71.5
TBBM 8544499 038+525%** 109.8
TBBM/Weight 35.12+6.92 34.9+5.88 99 4
TBBM/Height 6.934+2.93 7.3442 99** 105.9
TBD 0.83+0.15 0.83+0.15 100
BMI 16.3+1.6 16.7£1.8 102.4

Values are Mean + SD. *p<0.05, **p<0.005, ***p<0.001
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Table 4 Time 0 +12 months % Baseline
(v=5) (n=5)
Fat% 11.16+2.54 9.3+4.6 83.3
FM 2.51+1.17 2.3+0.6 91.63
FFM 20.4749.58 26.15£12.92% 127.7
FM/FFM 0.1340.03 0.10+0.05 76.9
TBK 1396747 1920+£581* 137.5
TBK/FFM 60.98+7.06 71.3+£20.2 116.9
TBW 14.58+6.07 20.05+8.46* 137.3
TBW/FFM 0.66+0.03 0.70+0.04** 106
ECW 6.88+2.42 8.08+3.1 1174
ICW 7.7£3.8 11.98+5.47% 155.5
ECW/ICW 1.01+0.40 0.71+0.16 70.3
TBBM 8694533 10944-614** 125.9
TBBM/Weight 35.77+6.97 37+4.6 103.4
TBBM/Height 6.99+3.07 8.17+£3 27*** 116.9
TBD 0.85+0.16 0.87+0.15 102.3
BMI 16.03+1.8 16.66+2.09 103.9

Values are Mean + SD. *p<0.05, **p<0.005, ***p<0.001
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Table 5 Time 0 +18 months % Baseline
(n=5) (n=5)

Fat% 12.7+4.1 11.7843.5 92.7

FM - 2.24+0.6 2.7441.1 122.3
FFM 16.37+6.65 20.85+6.95%** 127.4
FM/FFM 0.15+0.05 0.13+0.04 86.7
TBK 1010+441 1160+452* 1149
TBK/FFM 61.26+6.18 54.964+5.50* 89.72
TBW 12.7+5.43 18.23+4 .84 143.5
TBW/FFM 0.67+0.005 0.76+0.15 1134
ECW 6.1+1.76 7.63%1.63 125.1
ICW 6.6+3.8 10.6+3.57 160.6

ECW/ICW 1.07+0.46 0.76+0.2 71

TBBM 6234352  8824393%* 141.6
TBBM/Weight 32.03+5.27 36.47+3.67* 113.9
TBBM/Height  5.62+2.21 7242 26%** 128.1
TBD 0.77+0.09 0.83+0.09* 107.8
BMI 15.99+1.16 16.2+1.4 101.3

Values are Mean = SD. *p<0.05, **p<0.005, ***p<0.001
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Abstract

Background. Volume overload is the hallmark of congestive heart failure. Yet despite use of
diuretics to rid patients of edema, symptoms persist. We hypothesized that patients treated with
optimal diuretic doses remain affected by congestion. To test this hypothesis, we evaluated body
composition and bioenergetic state in euvolemic heart failure patients.

Methods. In the fasting state, clinically euvolemic heart failure patients (n=18) underwent
measurement of: 1) extracellular, intracellular and total body water via bromide and deuterium
dilution techniques (ECW, ICW, and TBW, respectively), 2) total cell mass measured by total
body potassium (TBK) using whole body *’K counting, and 3) fat-free mass (FFM) by DXA
scanning. Results were compared to gender, race, height and age matched normal controls.

Results. Patients had left ventricular ejection fraction < 35%, NYHA Class I (n=1), I (n=13), Il
(n=3) or IV (n=1) symptoms, and were 66 + 14 years old. Compared to matched controls, heart
failure patients had similar TBW, but ECW was { 21% and ICW increased T 21% and
ECW/ICW ratio was ¥ 35%. (p = 0.002, 0.053, and < 0.0001, respectively). Intracellular
potassium concentration (K;) was + 20%, which reflects a 7 mV ¥ in the calculated average
resting membrane potential.

Conclusions. Heart failure patients without clinical evidence of edema, whose TBW is normal,
can have "intracellular edema." This intracellular volume expansion is associated with reduced
intracellular potassium concentration and calculated resting membrane potential, indicating a
potential role of this intracellular edema in the functional limitation and increased risk of
arrhythmias for patients with heart failure.

Background

The hallmark physical finding in chronic heart failure is edema, a reflection of volume
excess. Historically, this has been a primary focus of treatment, with diuretics a cornerstone of
pharmacotherapy. Once the diuretic dose has been adjusted to achieve euvolemia, treatment

guidelines emphasize neurohormonal antagonism.! However, even with optimal neurohormonal
blockade, patients remain symptomatic.

In advanced heart failure, cachexia develops in parallel with markedly diminished
functional capacity.2> 3 In mild and moderate disease, body composition appears grossly

normal3 Yet changes in composition of the cells could contribute significantly to exercise
intolerance, even in the absence of cachexia. For example, altered myocardial myosin heavy
chain isoform, with more prominent beta isoform, is an adaptation that permits contraction in a
substrate-poor environment.# This shift in composition ensures function, but the energetics is
significantly impaired.

In a recent study, aggressive diuresis of non-edematous heart failure patients improved

functional capacity.> A possible explanation is that altered cell composition, in this case
intracellular edema, was reversed by the diuresis. If there were no change in potassium content,
this diuresis would increase intracellular potassium concentration and improve bioenergetic state.
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We hypothesized that changes in body composition at the cellular level occur in mild to
moderate heart failure, affecting bioenergetic state. Several factors support the relevance of our
hypothesis. Although diuresing patients will improve clinical status promptly, neurohormonal
activation parallels the azotemia that develops reflecting intravascular volume depletion. Further,
therapies that improve clinical outcomes such as the angiotensin converting enzyme inhibitors
and beta-blockers improve renal hemodynamics and renal water handling. In addition, the
perception that optimal fluid balance is realized when edema resolves is based on scientific
reasoning and not on data. Prior studies have not used techniques capable of detecting changes in
intracellular water content or potassium concentration, and have permitted standard clinical
practices to continue without supportive studies.

Methods.

Population. Patients with reduced left ventricular systolic function (left ventricular ejection
fraction < 0.40) on stable medical therapy was assessed clinically for the presence of volume
excess, specifically, the presence of riles, hepatic congestion or lower extremity edema, in
conjunction with a standard clinical evaluation. Those considered euvolemic underwent body
composition studies for measurement of. 1) extracellular, intracellular and total body water via
bromide and deuterium dilution techniques (ECW, ICW, and TBW, respectively), 2) total cell
mass measured by total body potassium (TBK) using whole body 4™ “K counting, and 3) fat-
free mass (FFM) by DXA scanning.

Controls. Normal controls were selected from the database at the St. Luke’s-Roosevelt Body
Composition Laboratory, matched for gender, race, age and height.

Deuterium Dilution Volume for Total Body Water (TBW). Deuterium oxide was dosed orally,
0.05 g/lb of body weight for subjects less than 150 pounds, and 7.5 g for all subjects over 150 lbs.
Plasma concentrations were measured at baseline and three hours after dosing on an FTIR system

(Avatar-360, Nicolet).0

Bromide dilution volume for extracellular water (ECW). Sodium bromide was dosed orally,
simultaneously with deuterium oxide, at a dose of 0.04 g of 4 M sodium bromide for weights up to
1501bs and 0.03 g/Ib for all subjects over 150 Ibs. Plasma concentrations were measured at baseline

and three hours after dosing on a HPLC system.6

Whole Body *K Counting (TBK). The 4 m-whole body counter measures “K. The “K raw
counts accumulated over nine minutes are adjusted for body size based using a *’K calibration
equation. The within-subject coefticient of variation in our laboratory for K counting is 4%, the
reproducibility for “°K counting is ~+2.4%. Total body potassium is calculated as K /0.00118..
Prior to each subject measurement, bottles approximating the body size and weight of the subject

are counted.’

Dual-Energy X-Ray Absorptiometry (DXA). Body composition is measured in vivo with a
whole-body DXA (DPX, Lunar Radiation Corp., Madison, WI) in slow scan mode. The system
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software (Version 3.8G and 1.3Z) provides estimates of three compartments; fat, lean soft tissue,
and bone mineral for the whole body and specific regions. Fat-free body mass is calculated as the
difference between body weight and fat. Each scan is started at 3 - 5 scanning lines to the top of
the head to several scanning lines passing the feet. If there was any significant sign of subject
movement during scanning, the scan is repeated. The average total scanning time is about 30
minutes, and total radiation dose is less than 3 mRem. The DXA scanner is calibrated using an
anthropomorphic spine phantom made up of calcium hydroxyapatite embedded in a 17.5 x 15 x
17.5 cm block in addition to using ethanol and water bottles to simulate fat and fat-free soft

tissues, respectively.8

Results

Patients had NYHA Class I (n=1), I (n=13), III (n=3) or IV (n=1) symptoms, and were 66 = 14
years old. Compared to normal values, patients were euvolemic (normal TBW and TBW/FFM)
and were not cachectic (normal weight, BMI and FFM). Digoxin was used in 9 of the patients,
and none of the measured parameters were statistically different between digoxin and non-
digoxin treated patients with respect to water distribution, potassium content or intracellular
potassium concentration. However, digoxin treated patients were older.

Compared to matched controls, HF patients had similar TBW, but ECW was 4 21% and ICW
increased T 21% and ECW/ICW ratio was ¥ 35%. (p = 0.002, 0.054, and < 0.0001, respectively).

Ki was ¥ 20%, which reflects a 7% V in the calculated average resting membrane potential.
(table)

Discussion:

The main finding of this study is that stable heart failure patients without clinical
evidence of edema, confirmed by measurement of TBW, can have "intracellular edema."
Because total body potassium levels were normal, and serum potassium concentration was
normal, the intracellular volume expansion is associated with reduced intracellular potassium
concentration. These alterations in body composition would lead to a reduction in the calculated
average resting cell membrane potential, indicating a potential role of this intracellular edema
both in the functional limitation and increased risk of arrhythmias observed in patients with heart
failure.

The data do not provide us with a mechanism for these observations, but two possibilities
exist. First, alteration in cell membrane permeability, either by functional or structural changes,
could facilitate stimuli to cellular hyperosmolality, which would lead to osmotic forces driving
water intracellularly. There is no report in the literature describing a cellular change to support
this mechanism. Second, extracellular fluid could be hypoosmolal, which would drive water
intracellularly. This could be a manifestation of the potent diuretic therapy utilized in patients
with heart failure, whereby natriuresis occurs in excess of diuresis, leading to a tendency to
extracellular hypoosmolality, since most sodium in extracellular. Osmotic forces drive the water
intracellularly to provide equilibrium across the cell membranes.
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Although our data are unique, and represent the first report of intracellular edema in heart
failure patients, the observations are consistent with current models of the disease, and in fact,
may explain in part the clinical syndrome of chronic congestive heart failure. Neurohormonal
activation is a hallmark of the disease, and our data our consistent with the effects that could be
produced by elevated arginine vasopressin levels. Prior studies have demonstrated elevation of
this neurohormone in heart failure, in a manner that correlates with disease severity, and

therefore, functional limitation.? In addition, the reduction in intracellular potassium
concentrations and resultant changes in membrane potential could contribute to decreased
cardiac and skeletal muscle function as well as abnormal electrical conduction within the
myocardium.

A major limitation of our study is the absence of data to link these changes in body
composition with functional parameters. Measurement of maximal oxygen consumption,
skeletal muscle endurance, and/or myocardial reserve would be useful means of establishing the
clinical and physiologic importance of these changes in body composition. However, this
limitation should not diminish the importance of our observations. These patients were typical of
an ambulatory heart failure population, and the techniques used provide precise, reproducible
and reliable assessments of body composition. In fact, the techniques used in our study provide
greater precision than those utilized in prior assessments of body composition of heart failure
patients. In addition, our approach provides much more robust understanding of body
composition than prior studies. For example, using only the DXA data would allow
interpretation via the 3-compartment model of fat, lean and bone mass and would give the
appearance that body composition is normal. If we expanded that to measurement of TBW, it
would appear that these patients were optimally managed with respect to water balance.
However, by investigating further, and measuring ECW, ICW and TBK, we have identified
fundamental abnormalities of water metabolism and cellular bioenergetics in chronic congestive
heart failure.

In summary, we have utilized state of the art techniques to assess body composition in
stable chronic congestive heart failure patients and detected significant abnormalities in water
distribution. Specifically, we have demonstrated that the intracellular edema is associated with
significant reductions in intracellular potassium concentration, which indicates important
changes in resting cell membrane potential. Such an abnormality has not been detected
previously due to the application of less robust models of body composition and techniques that
do not fully explore body composition. The clinical and physiologic relevance of these
observations warrant further investigations, but these data may explain the functional limitation
and increased risk of cardiac arrhythmias that affect patients with chronic congestive heart
failure.
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Table. 1 Comparison of body composition between patients with heart failure and control
subjects, matched for gender, race, age and height. * = significant difference from matched

controls

Variable Heart Failure Matched p vs. Matched
Patients Controls controls
Age (years) 66 + 14 65 + 14 NS
Height (cm) 165 +9.4 166 + 8.4 NS
Weight (kg) 74 +£21 74 +13 NS
BMI 26.9+59 266 +44 NS
FFM 505+14.0 496+94 NS
TBK 2721 + 905 2824 + 722 NS
TBK/kg 36.6+54 383+73 NS
TBW 36.6 +10.5 362472 NS
ECW 13.3 £3.6%* 169+3.0 0.002
ICW 233+73 193 £47 0.054
FAT% 314+8.1 "32.1+103 NS
TBK/FFM 53.6£58 56.4+56 0.14
TBW/FFM 0.72+0.02 0.73 £ 0.05 NS
ECW/ICW 0.58 £0.10* 0.90+0.15 < 0.0001
ICW/FFM 0.46 +0.03* 0.39 £0.04 < 0.0001
TBK/TBW 73.6+7.5 77.6 £9.1 0.16
Ki 114 +13* 144 +17 <0.0001
Ek (mV) -86 + 3* 9243 <0.0001
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Abstract

Injury and disease are frequently accompanied by loss of protein from body tissues, and one of
the aims of treatment is to minimize this loss and promote its recovery by nutritional and other
therapies. A better understanding of the processes that influence tissue protein gain and loss can
be achieved by studies of protein synthesis and degradation in tissues. These two complex and
opposing processes are controlled by a variety of hormonal, chemical and physical signals,
resulting in the maintenance of protein balance in the healthy adult individual. An imbalance
resulting from modulation of either synthesis or degradation is the cause of protein gain or loss,
but in this article we will concentrate on measurements of protein synthesis.

Measurement of Protein Synthesis

Rates of protein synthesis have been measured for many years in cells and tissues in vitro
and in animal models using radioactively labeled amino acids. These studies have made an
invaluable contribution to our understanding of protein metabolism, but their relevance to human
disease can only be assessed by direct measurements in humans. Risk of radiation limits the use
of radioactive isotopes in humans, however, and they have now been largely replaced by their
stable isotope counterparts. The limitations of tissue sampling in humans and the continual
improvement of the mass spectrometers used to measure stable isotopes have resulted in the
development of a variety of approaches for measuring rates of protein synthesis and degradation
in the whole body. The label is administered orally or intravenously, and measurements are
made on samples of urine or blood and breath, which are readily available by relatively non-
invasive techniques [1]. For example, intravenous infusion of [1-2C]leucine for 6-12 hours
results in the attainment of a plateau in the enrichment of free leucine in the blood. This plateau
value, together with an estimate of the amount of ">C expired in breath CO; can then be used to
determine the total body turnover of leucine, and also its origin from dietary intake and body
protein degradation and its disposition into oxidation and body protein synthesis [2,3,4]. These
techniques have been used extensively (for reviews see [1,5,6] and have given rise to much
useful information, but suffer from the limitation that changes in whole body rates of protein
synthesis cannot be ascribed with any certainty to any particular organ, tissue or body
compartment. For example, animal studies have shown that inflammation resulting from
subcutaneous injection of turpentine is associated with a fall in protein synthesis in skeletal
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muscle, but a rise in the liver [7]. Over the last decade or so, therefore, there has been an
increasing interest in measurements of protein synthesis rates in individual tissues of human
subjects.

The general procedure for measuring protein synthesis in an individual tissue or organ in
vivo is to inject an amino acid labeled with the chosen isotope into the bloodstream and to make
measurements during the period that it is incorporated into tissue protein. The determine rates of
protein synthesis, a tissue sample is taken at the end of a period of time t (days) and the
enrichment of the amino acid in protein (E,) determined. The fractional rate of synthesis (ks in
% per day) is then calculated from the equation: ks x Er x t = E, x 100. The amount of label
incorporated into protein can be measured directly on a tissue sample, or inferred from its
disappearance from the blood. The other necessary information is the average enrichment of the
free amino acid that is being incorporated into protein. This latter measurement has given rise to
much debate. Theoretically this measurement should be made on the pool of amino acyl tRNA
in the tissue, but this is complicated by the extremely rapid rate of turnover of this pool and its
small size, requiring large tissue samples. For most practical purposes the alternative is to use
either the plasma or the tissue (intracellular) free amino acid. However, the isotopic enrichment
in these two compartments is not necessarily the same, which has led to uncertainty in the
calculated values for protein synthesis and has been influential in determining the way in which
the labeled amino acid is administered. Both of-the procedures commonly used today were
originally suggested by the work of R.B. Loftfield in the 1950's. When a labeled amino acid was
given to rats by continuous intravenous infusion, the enrichments (specific radioactivities) in the
plasma and tissues rapidly rose to constant (plateau) values, but in the tissues the values
remained substantially lower than in the plasma [8]. The interpretation made was that the
intracellular pool was derived partially by transport of amino acid into the cell from the plasma
and partially from the degradation of unlabeled protein. Moreover, it would be difficult to
calculate rates of protein synthesis with confidence, because it was not known which, if either, of
these two values would be appropriate as the precursor enrichment. Rates of protein synthesis
were not therefore calculated, and instead a different method of label administration was devised,
with the aim of making the intra- and extracellular enrichments the same, thus minimizing the
ambiguity. This was achieved by injecting the labeled amino acid together with a large amount
of unlabeled amino acid, sufficiently to dominate (flood) the small endogenous pool of unlabeled
free amino acid [9]. This approach has become known as the "flooding method". Both of these
approaches have been used extensively in animals with radioactively labeled amino acids [1,10]:
their use in human subjects will now be described in more detail.

Constant Infusion Method.

The first studies with this method in humans involved measurement of protein synthesis
in muscle with [’N]lysine {11] and in GI tissues, including tumors, with [“Nlglycine [12].
Subsequently, the majority of constant infusion studies have used [1-"C]leucine, which is
moderately priced and relatively easily measured [13]. Infusions lasting between 4-12h are
generally primed [13], to achieve plateau labeling more quickly, and are followed by tissue
sampling, which in the case of skeletal muscle, can be done by percutaneous needle biopsy. The
enrichment of the amino acid in protein from the tissue biopsy has usually been measured by
chromatographic isolation of the leucine from protein and decarboxylation followed by
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measurement of the enrichment of the CO; produced by gas isotope ratio mass spectrometry
(GIRMYN).

The precursor enrichment is obtained from serial samples of blood taken during the
infusion. The choice is between free leucine in blood or blood "ketoisocaproic acid (KIC),
which is the transamination product of leucine and is thought to be representative of the
intracellular leucine in skeletal muscle [14]. The KIC enrichment is typically 70-80% of that of
leucine [14]. It is often thought that the KIC gives the best estimate of the precursor enrichment,
but this remains unproven. The KIC in blood might not be derived entirely from muscle, and at
best it represents an average enrichment for all muscles, which might differ from the enrichment
in the single muscle under study [15]. Moreover, there is the possibility that the enrichment of
leucyl tRNA might sometimes be lower than that of the KIC or the intracellular leucine [16,17].
Although the KIC has been used for non-muscle tissues such as liver [18], this is not advisable,
as there is little reason to suppose that the KIC reflects the liver free leucine enrichment. For
liver synthesized proteins (eg. serum albumin), a far more reliable measure of the precursor
enrichment can be derived from measurements of the ApoB protein of very low density
lipoprotein in the blood. As this pool turns over very rapidly, it achieves the same enrichment as
its own precursor within the liver after a few hours of infusion [19].

' The constant infusion method has been used for many investigations of muscle protein

synthesis in volunteers and patients [20]. Its advantages are that simultaneous measurement can
also be made of whole-body protein turnover, and that the labeled amino acid is given as a tracer,
unlike the flooding method, and therefore should not disturb metabolism. Its disadvantages are
the need for a metabolic steady state during the infusion, which might preclude observations
when acute metabolic changes in are occurring (eg. after a meal, in acute illness or during
surgery), and the uncertainty regarding the precursor enrichment.

Constant Infusion during Limb or Organ Balance Measurement.

Arterio-venous differences in blood amino acid concentrations coupled with
measurement of blood flow has often been used to measure the net balance of amino acids across
a limb or organ [21]. When this procedure is performed during a constant infusion of a labeled
amino acid, then rates of protein synthesis and degradation can also be obtained [22]. In this
case, synthesis is not derived from the amount of label that appears in protein of a biopsy, but
instead from the amount of label that disappears from the blood as it passes through the tissue.
For an amino acid that is not metabolized in the tissue under study, eg. phenylalanine in muscle,
the rate of uptake of label from the blood must equal the amount incorporated into protein, if the
tissue free amino acid pool does not expand or contract. In other respects, the assumptions are
the same as those for the constant infusion method. In particular, a value for the precursor
enrichment is needed, and this is usually taken from the free amino acid in the venous blood.

The major advantage of this method is that a value for protein degradation can also be
obtained, by subtracting the net balance from the rate of synthesis. It should be recognized,
however, that this is not an independent estimate. If there is any error in synthesis, eg. arising
from the precursor measurement, then the rate of degradation will also be in error. A recent
modification of this technique employs a tissue biopsy at the end of the procedure [23). This
enables the rate of synthesis to be calculated from the intracellular enrichment, which is useful,
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as there is no metabolite of phenylalanine equivalent to KIC which can be used as an indicator of
intracellular enrichment. In addition, it is possible to calculate the rates of transport of the amino
acid between the blood and the intracellular pools.

The balance method can only be done on a tissue or organ with a well defined arterial and
venous vasculature. In addition to the disadvantages of the infusion method, there is also the
need for arterial catheterization and precise blood flow measurement.

Flooding Method.

Preliminary experiments showed that 4g of [1-*C]leucine per 80kg body weight resulted
in almost complete equalization of enrichment in the plasma and intracellular pools in muscle of
healthy volunteers over a two hour period (illustrated in Fig.1b,[24]). The rate of muscle protein
synthesis is calculated from the enrichment of leucine in muscle protein at 90 min. and the
average value for precursor enrichment, derived from serial measurements on plasma leucine or
KIC at intervals between 0 and 90 min [24]. The value obtained was 1.86 sem 0.12 %/day when
the precursor was taken to be the plasma leucine and 1.95 sem 0.12 %/day when the plasma KIC
was used as an index of intracellular labeling [24]. These values are expressed as fractional
rates, in the units of % per day, which represent the amounts of protein synthesized as
percentages of the amount in that tissue. -

Although the flooding method successfully equalizes the rates calculated from
intracellular and plasma enrichments, these values are higher than those measured by constant
infusion of [1-’Clleucine, eg. 1.10 sem 0.07 %/day [25]. This discrepancy has led to much
debate about the validity of these two methods [10,20], which is not yet resolved. There do not
appear to be similar discrepancies in tissues of animals such as rats, or in human tissues other
than skeletal muscle [10]. Apparently higher values for colon, liver and serum albumin synthesis
obtained by flooding reported by Rennie et at [20] can readily be explained. In liver, the longer
period of labeling with infusion means that only non-secretory proteins are measured, whereas
total synthesis is measured by flooding [10]. Similarly, with albumin there is turnover of the
newly synthesized pool in the plasma during a long infusion, resuiting in an underestimate of the
synthesis rate [10].

Two possible reasons for the discrepancy in human muscle have been suggested. The
first is the possibility that the enrichment of the precursor amino acid is not being accurately
reflected by measurements on plasma leucine or KIC during a constant infusion. There is
evidence that this can occur in cell culture [16], but confirmation that this can occur in human
tissues in vivo is so far lacking (see [10]). If the enrichment at the site of protein synthesis were
lower than the KIC, this might result in an underestimate of the rate of synthesis by constant
infusion [26]. Conversely, it has been suggested that the large amount of labeled amino acid
given during flooding might itself stimulate muscle protein synthesis, thus giving rise to an
artifactually high measured rate by this method [20]. There is no direct proof that this can occur
except from studies using the constant infusion approach [27], which does not provide
independent evidence. Moreover, labeled phenylalanine and valine both give similar values to
that with leucine, when given in flooding amounts, and injection of leucine does not alter the
distribution of polyribosomes in muscle [28].
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Both the infusion and flooding methods have been used to investigate the control of
protein synthesis in a variety of human tissues. Fig. 1 illustrates the wide range of fractional
rates of synthesis (FSR) observed in various healthy tissues taken from volunteers and from
patients during surgery. The fractional rates of synthesis of two plasma proteins (as fractions of
the intravascular pool), albumin and fibrinogen, are also shown.

Muscle Protein Synthesis in Pathological States

In an attempt to elucidate the muscle wasting that takes place after surgical injury,
measurements of muscle protein synthesis were made in cholecystectomy patients before and
after surgery (Fig. 2). A short period of anesthesia without surgery did not affect muscle protein
synthesis, but immediately afier the completion of surgery (open cholecystectomy), there was
already a 30% fall [29]. By day 3 afier surgery, the decrease in protein synthesis had enlarged to
50% [30]. These data suggest that muscle wasting afier surgery results at least in part from an
immediate and sustained decrease in muscle protein synthesis. Further experiments were
performed to see whether this change was dependent on the degree of trauma, and whether it
could be modified by strategies designed to alleviate the wasting. Minor surgery for breast lump
removal did not affect muscle protein synthesis [31]. The effect of major surgery was no greater
than that of cholecystectomy [31], and the rates in patients in the intensive care unit were on

Figure 1
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average less depressed those after surgery, although the range of values, shown in Fig. 2 by the
upper part of the bar, was considerable [32]. Surprisingly, laparoscopic surgery did not produce
a smaller response than conventional, open surgery (Fig.2), even though its beneficial effects on
recovery are well accepted [33]. Moreover, postoperative intravenous nutrition did not diminish
the decrease in protein synthesis [30]. These results suggest that new strategies, such as
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provision of glutamine in TPN [34], or treatment with growth hormone [35], might be needed to
minimize protein loss after surgery and optimize recovery.

Muscle wasting also occurs in chronic diseases, such as HIV/AIDS. In this case we have
shown that protein synthesis is not depressed, even in patients who show overt muscle wasting
do not have lower rates of muscle protein synthesis (Fig 3.). However, when these patients were
given a 2-week course of treatment with growth hormone, the reason for the wasting became
clear, as there was a stimulation in muscie protein synthesis in the healthy controls and in
asymptomatic HIV patients, but an inhibition of protein synthesis in AIDS patients who were
wasted (Fig. 3) [36]. This suggests that the trophic mechanisms involved in maintaining muscle
mass, such as growth hormone and IGF-I, become deficient as the HIV disease advances [36].
Although the GH treatment stimulated protein synthesis in healthy subjects and not in AIDS
patients, it was not possible to determine whether this resulted similar differences in protein gain,
as there is no technique for measuring changes in muscle or limb protein content that are
sufficiently accurate to show changes
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Figure 3
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in a two week period. This is important, as other studies of the effect of GH treatment, using
measurements of lean body mass or nitrogen balance, have suggested that there is a recovery of
whole body protein mass, even in AIDS patients [37-39].

Conclusions

These examples illustrate the range of studies of protein synthesis and degradation that
can now be performed in human volunteers and patients. The overall aim of such studies of
protein synthesis and degradation is to gain a better understanding of the mechanisms causing
loss of protein or growth failure, and thereby enable better therapies to be devised. However, in
order for this to be successful, we must have methods for accurately assessing the loss of protein
and its recovery. At the whole body level this is possible, using stable isotopes to measure
protein kinetics and neutron activation to measure body nitrogen. This is, however, a rather
blunt approach, since the body consists of many tissues, each with its own particular mechanisms
of control. Even skeletal muscle is a heterogeneous tissue, with each separate muscle being
strongly influenced by trophic factors related to its own function and work load. Although we
can now determine the factors that control protein synthesis and degradation in individual tissues
or regions, there are no equivalent methods for assessing changes in protein content, that would
tell us whether the treatments that are given are resulting in sustained changes in protein content
of a tissue or region. Even the arteriovenous difference approach, which measures the balance
of a single amino acid in the tissue over a short period of a few hours, cannot be continued long
enough to determine whether a loss or gain was sustained. There is therefore an urgent need for
the development of techniques for determining the protein (nitrogen) content of individual
regions of the body. This will complement our knowledge of the regulation of protein synthesis
and degradation, and aid in the development of new strategies for combating lean tissue wasting.
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Extended Abstract

Multiple Sclerosis (MS) is an organ-specific immune mediated disease, the major non-
traumatic neurologic disorder of young adults. 350,000 Americans, and one to 2.5 million
individuals worldwide, are affected. In 1994 US dollars, the cost of MS was 10 billion dollars a
year. Such costs reflect that most MS patients become disabled.

MS affects the central nervous system (CNS), both the brain and spinal cord. Blood
immune cells and water move into the CNS through a break in the blood brain barrier (BBB).
This results in damage to myelin and axons, destruction of oligodendrocytes (the CNS myelin
making glia), and astrocytic gliosis. These focal lesions (called plaques) occur in waves
throughout the disease course. They produce disrupted nerve conduction and multiple clinical
abnormalities. Most plaques are clinically silent, detected only by magnetic resonance imaging
(MRI). MRI is considered the best MS current disease marker. It reveals widespread
abnormalities in normal appearing brain tissue, BBB disturbances, heterogeneous pathology,
variable iron deposition, chemical disturbances, ongoing atrophy, and axon abnormalities.

The following are current major clinical issues in MS:

e We do not know the cause of MS; it is likely heterogeneous. It may involve CNS
infection, a cross reactive immune attack on a CNS component, or a metabolic or toxic
process.

e There is no one definitive diagnostic test for MS.

e Clinical evaluation grossly underestimates disease status. At the current time there is no
effective way to follow disease activity and severity.

e There is no established way to follow individual response to therapy.
Body composition research offers a new venue to examine MS brain and spinal cord for:

e Water content. This is likely to reflect disease activity/blood brain barrier abnormalities.
It could be used to measure disease severity/course, and response to treatment.

e Iron content. Iron deposition disturbances have been described in MS. The question of
an iron disturbance could be addressed directly.

e MS heterogeneity could be examined based on CNS chemical changes.
e Early chemical changes might give us clues to the etiology of this disease.
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e A chemical which measured a specific pathologic process (myelin breakdown,
remyelination, oligodendrocyte loss, axon/neuron dysfunction, gliosis, inflammation)
could offer a novel and valuable assessment tool.

e Correlates of MS fatigue and cognition

Body composition research will provide a new window to the CNS to investigate MS. At
the least, accurate measure of CNS water content will be valuable in this disease. At the most,
this methodology could lead to critical new insights into MS pathogenesis, severity, and response
to therapy.

Summary

Multiple Sclerosis (MS) is a major neurologic disease in. which central issues remain to
be resolved. These issues include disease pathogenesis, how to measure disease activity, and
how to determine response to therapy. Body composition research is a new technique which can
be applied to study MS in a novel manner. It could provide critical new insights into this
disease.

Communication

Multiple sclerosis (MS) is an immune-mediated disease which affects the central nervous
system (CNS) (Noseworthy et al,2000). It is the major nontraumatic neurologic disease of young
adults. Up to 350,000 Americans have been diagnosed with MS, and over a million individuals
are estimated to be affected worldwide. The natural history of MS indicates that it is a highly
variable and unpredictable disease that can result in significant morbidity (Table 1) (Coyle,
2000). MS is also a disease characterized by a number of symptoms which are poorly
understood. In particular, both fatigue and cognitive disturbances affect large numbers of
patients. Effective therapies have not been developed for these symptoms, in part because their
pathogenesis is unknown.

Table 1. Natural History of MS

Demographic profile
Young age of onset (average 28 to 30 yrs; 90% have onset from 15 — 50 yrs)
Caucasian (> 90%)
Female predominance
Lifespan only mildly shortened

Variable/heterogeneous disease pattern
Initial relapsing course (unpredictable disease attacks with unpredictable
TeCovery)
Later progressive course (slow worsening without recovery)

Significant disability ultimately develops in 90% of patients

Recently developed disease modifying therapies appear to influence this course
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The etiology of MS is also poorly understood. It involves a complex interplay between
three factors: the host’s intrinsic genetic makeup, extrinsic environmental exposures, and the
host’s intrinsic immune system. There is an increasing appreciation that a number of genes
contribute to MS disease risk, as well as to disease severity. Most of the genes linked to disease
risk and severity involve the immune system, suggesting that the immune system conveys
baseline susceptibility to MS. Superimposed on a susceptible genetic background, certain
environmental exposures appear to play an important role in the development of MS. There are
recognized low, medium, and high risk geographic zones for MS. There is little disease at the
equator, but increasing numbers of cases as one moves north and south. Migration studies, as
well as a point epidemic in the Faroe Islands, supports extrinsic exposures as risk factors. These
environmental exposures are believed to involve ubiquitous infectious agents, both viruses and
bacteria. In particular, recent studies have suggested roles for human herpes virus type 6, an
endogenous retrovirus, Epstein Barr virus, and the bacterium Chlamydia pneumoniae, in the
development of MS (Ablashi et al, 2000; Sriram et al, 1998; Myhr et al, 1998;. Rieger et al,
2000). Extrinsic pathogens could trigger an immune attack against the CNS by a number of
different mechanisms such as molecular mimicry, superantigen, direct infection, or bystander
damage. This attack results in localized immunologic reactions which damage adjacent CNS
tissue to cause the neuropathologic lesions of MS referred to as plaques.

The immunopathology of MS is being increasingly defined (Table 2). It involves binding
of activated blood lymphocytes to CNS endothelial cells via adhesion molecules, After release of
enzymes called matrix metalloproteinases, the immune cells are able to penetrate basement
membrane and extracellular matrix to enter the CNS compartment. Once in situ, cells are locally
activated. There is release of cytokines and chemokines, and upregulation of immune activation
molecules. Focal blood brain barrier (BBB) permeability allows other systemic immune cells to
penetrate. In at least a proportion of MS patients, antibodies are synthesized by B cells/plasma
cells, and along with complement contribute to the local tissue damage (Archelos et al, 2000).
This local immune reaction damages a variety of CNS tissue components. Both the myelin
sheath as well as the underlying neuronal axon fiber are damaged by immune/inflammatory
factors (Trapp et al, 1998). As a result, there is disruption of nerve conduction. Depending on
the site of the damaged area (referred to as a plaque), there may be no obvious clinical problem,
or there can be a variety of sensory, vision, motor, or coordination difficulties. It is not know
what triggers immune cell entry into the CNS, or the local cell activation which cause myelin
and axon damage, as well as oligodendrocyte loss. There is also some degree of repair of fixed
damage, with variable degrees of remyelination. Ultimately there is loss of CNS tissue volume,
with measurable atrophy of both brain and spinal cord. There has been a recent emphasis in
particular on axon damage in MS, because it appears to be the neuro and atomic substrate of
permanent clinical deficit.

Table 2. Immunopathology of MS

e FEarliest detectable changes are focal disruptions in the blood brain barrier T water,
localized edema.

o This is followed by cell infiltration and a localized immune response with CNS tissue
damage.
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e Heterogenous pathology
Edema
Inflammation
Demyelination
Remyelination (~ 70%)
Axon damage
Gliosis
Oligodendrocyte loss without replacement (~30% early)
Tissue loss/atrophy
e CNS lesions (plaques) form in waves within both silent (80-90%) and eloquent (10-
20%) areas of the CNS.

At the current time neuroimaging, and specifically magnetic resonance imaging (MRI),
has become the most useful investigative technique to study MS. Computerized axial
tomography is very insensitive in MS, and is now rarely used. Other neuroimaging techniques
such as positive emission tomography and single photon emission computerized tomography,
have very limited applications to study this disease. MRI is being used in both clinical practice
and basic research in a number of areas to learn more about MS (Table 3) With regard to the
diagnosis of MS, the most widely used diagnostic test is brain MRI. In addition, expert
consensus panels also find it to be the most useful current marker of disease activity in the major
relapsing and progressive forms of this disease (Miller et al, 1998). The earliest detectable
abnormality on MRI is gadolinium enhancement, consistent with BBB breakage and focal
vasogenic edema.

Table 3. MRI as Applied to the Study of MS

e Brain MRI is the current diagnostic test of choice
Ultimately abnormal in 95% of patients
Characteristic T2ZW hyperintense white matter lesions
Suggestive lesion features include multiplicity, asymmetry, size > 3mm,
ovoid shape, perpendicular to ventricles,
periventricular/juxtacortical/posterior fossa location, enhancement
e Spinal MRI not as sensitive but helpful in specific situations
Ultimately abnormal in up to 75% of patients
Lesions are limited to spinal cord in up to 20% of patients
Useful in patients over age 50, with normal brain MRI, or clinical spinal cord
presentations
Frequent brain MRI studies find most new lesions are clinically silent
e Different MR techniques detect distinct features
Contrast enhancement (blood brain barrier damage)
T2W hyperintensity (heterogeneous)
T1W hypointensity (tissue damage)
T1W and T2W lesion burden
MR spectroscopy (chemical disturbances)
Atrophy (tissue loss)
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e Certain MR techniques detect abnormalities in normal appearing brain tissue/white
matter
MR spectroscopy (to measure N acetyl aspartate, lactate, phospholipids)
Magnetization transfer imaging
Diffusion weighted and diffusion tensor imaging
High magnet (>3 Tesla)

® Brain MRI measures are used as primary outcomes in Phase I-II Trials, and as
secondary outcomes in Phase III Trials
T2W lesion burden
Contrast enhancing lesions
Number of new/active lesions

There is no question that MRI has changed our understanding of the MS disease process, and has
become a cornerstone in diagnosis, daily clinical management, and treatment trials.

At the current time there are a number of major clinical issues in MS. First, there is no
definitive diagnostic test. The most frequently used diagnostic criteria involve a combination of
clinical and laboratory abnormalities (Poser et al, 1983). Unfortunately, the misdiagnosis rate of
MS remains about 5 to 10%. Second, there is no validated and widely used surrogate disease
activity marker. No test is sufficiently standardized and economically viable to be used on a
regular basis. Third, MS is probably quite heterogeneous based on clinical, pathologic,
neuroimaging, and immunologic criteria. Certain patients appear to have a process mediated by
an autoimmune attack against myelin, while others have a process mediated by damage to
oligodendrocytes from an infectious, metabolic or toxic process (Lucchinetti et al, 2000). In fact,
there may be distinct immunopathogenic mechanisms to damage CNS tissues. Fourth, clinical
evaluation grossly underestimates true disease activity. Most new brain lesions are not tied to
recognizable disease attacks. Both the patient and physician are unaware there has been new
damage to the nervous system. Finally, in this new era of disease modifying therapies for MS,
there is no established way to measure treatment response. Simple clinical follow-up is ofien not
very accurate. :

The possibility of using body composition research to evaluate a specific organ now
permits this technique to be applied to human medical diseases. The ability to examine the CNS
means that it will provide a new way to study a number of neurologic problems. It has never
been used to study MS. Yet it offers many potential applications, particularly when it is used in
combination with MRI techniques, including MR spectroscopy (Table 5). Evaluation of cell
membrane potential allows a novel way to assess axonal integrity in MS. This is an especially
urgent need, since it will allow in vivo measurement of axon function that could be used to
assess disease worsening as well as response to therapy.

Table 4. Potential Applications of Body Composition Research to MS

e Unique technique to examine brain and spinal cord
e May provide parameters to evaluate disease activity and response to therapy
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Measure of water content as measure of blood brain barrier permeability
Measure of intracellular vs. éxtracellular water content to evaluate cell damage,
intracellular vs. extracellular component
Early chemical changes may provide clues to etiology

Unique chemical pattern may provide a diagnostic test
Evaluation of disease heterogeneity could be based on distinct chemical changes

To examine the role of specific chemicals in MS pathology
Iron deposition as well as other substances

® To evaluate cell membrane potential and conduction capacity in the CNS
Investigate a potential measure of the symptoms of fatigue and cognitive
dysfunction

e To evaluate chemical changes to assess the specific pathologic processes
Inflammation
Myelin breakdown and myelin repair
Oligodendrocyte loss and regeneration
Axon and neuron dysfunction
Gliosis

-

In summary, MS is a major CNS disease with many unanswered clinical issues. The
ability to perform a chemical analysis of this body organ provides a new assessment tool. The
ability to examine CNS water content is likely to be an important measure of disease activity.
The ability to measure cell membrane potential may provide important insights into major
symptoms of MS such as fatigue and cognitive dysfunction. Chemical analysis could provide an
assessment of disease heterogeneity as well as pathologic differences. Body composition
research is a promising technology which offers a new way to evaluate organ specific diseases
such as MS. It will probably be best used in concert with MRI in order to connect chemical to
structural changes.

Commentary

Once body composition research is modified to examine a specific organ such as the
brain, it will offer a potentially powerful tool to address major research issues in MS. The ability
to measure changes in both intra and extracellular chemicals, in cell membranes potentials, and
in various chemicals during disease activity or during treatment, will be applicable to many
diagnostic, therapeutic, and pathogenetic issues. Body composition research can serve as an
important complementary technique to MRI in the study of MS.
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SUMMARY

This meeting was held to recap the present status of the body composition analysis program
(BCAP), to identify its future trends and novel clinical applications. However, the principal
objective was to recognize the role and the future uses of BCAP at BNL. Present were
representatives of the administration at BNL, Dr. Peter Paul, Deputy Director for Science, Dr.
Linda Chang, Chairperson of the Medical Dept., and Mr. William Gunther, Special Asst. to Dr.
Nora Volkov, Associate Laboratory Director for Life Sciences. From the Central Office of DOE
was present Dr. Peter Kirchner, Program Manager of Medical Sciences. Members present from
the working staff of BCAP at BNL were Dr. Lucian Wielopolski (principal physicist), Dr.
Walton Shreeve (principal physician), and other members of the staff. The main user of BCAP at
BNL for more than 15 years (and continuing into the future) has been the Body Composition
Unit of the Center for Research in Clinical Nutrition (CRCN) at St. Luke’s/Roosevelt Hospital
Med. Ctr. in NYC. Dr. Richard N. Pierson, Jr., Dr. Steven Heymsfield, Dr. Jack Wang and Dr.
Dympna Gallagher represented this large and active Center for BCAP at the meeting.
Investigators of body composition by various methods, who have expressed interest in future use
of the present or potential facilities for BCAP at BNL, were present from such nearby clinical
centers as SUNY, Stony Brook, DVA Hospital, Bronx and St. Luke’s/Roosevelt Hospital, NYC
(other than the CRCN). Two other notable persons, Dr. David Chattle physicist from McMaster
University in Canada and Dr. David Vartsky physicist from Nahal Soreq in Israel, both
experienced analysts in in vivo measurements in the field of BCAP, were invited to participate in
the general discussion. Other interested persons were present in the audience.

After initial welcoming remarks from Dr. Paul and Dr. Chang, Dr. Pierson (Principal
Investigator (PI) for most studies for more than a decade) framed the history of BCAP (in
general) over the past 50-75 years. Progressing through epochs, which utilized successively such
methods as under-water weighing (UWW) and skin-fold thickness to indicator dilution
techniques to in vivo neutron activation analysis (IVNAA) to the more recent imaging with CT
and MRI. He emphasized the need for better and more precise (and regional) functional
numerators to correlate to anatomical denominators being provided with increasing
sophistication by CT and especially MRI. While pointing out the continuing value of whole body
measurements of certain elements (indicative of function) for diseases such as osteoporosis,
AIDS and obesity, he indicated the new need for higher-resolution, regional representation of
function to evaluate, for instance, changes in membrane potential in individual organs such as
liver, heart and brain. He described briefly the ”quantum leap” in BCAP that would be provided
by the new development at BNL of gamma nuclear resonance absorption (GNRA), with its
elemental imaging capabilities.

Dr. Wielopolski reviewed the basic physics of elemental analysis by IVNAA, including the
divisions into “delayed gamma”, “prompt gamma” and “inelastic neutron scattering” (INS). He
described how such indirect, surrogate methods as dual x-ray absorptiometry (DXA),
bioimpedance analysis (BIA) and UWW for analysis of major body compartments were 1n1t1a11y
and continue to be cross-calibrated by the BCAP at BNL, and he indicated the need for further
such calibrations in abnormal or diseased populations. Further, he explained in some detail the
new method of GNRA and enumerated its novel and unique elemental imaging capabilities and
its advantages and applications for analysis of particular major elements in vivo.
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Dr. Heymsfield (successor to Dr. Pierson as the P.1.of the NIH-funded BCA Program Project
Grant (PPG) at St. Luke’s/Roosevelt) gave a comprehensive review of various kinds of 4-
compartment models of body composition (at atomic, molecular, cellular and tissue-system
levels) and the various “direct” and “indirect” methods for measuring components at different
levels. While expounding on the growing importance and applications of the imaging methods
(CT, MRI and PET), he reiterated the unique value of elemental analysis (especially K, N Cl, and
C) as reference methods by which to calibrate measurements (by indirect, surrogate methods) of
normal and abnormal populations. He pointed out the growing relevance of finer phenotyping to
relate to genotype.

Dr. William Bauman and Dr. Ann Spungeon (co-workers at Dept. Veterans Administration,
Bronx and Mt. Sinai School of Medicine) described their studies of body composition changes in
patients with spinal cord injury (SCI), especially those for whom normal identical twins serve as
controls. Dr. Bauman described the changes in bone during acute and chronic phases after
immobilization both in human subjects and in rat models. A noteworthy observation has been the
surprisingly long duration of bone loss in SCI not related to age of onset. Different relationships
between bone vs. lean tissue and bone vs. fat mass in SCI vs. normal twins, as indicated by non-
specific DXA, needed verification and validation by independent means, such as IVNAA. Both
whole body IVNAA and regional GNRA would be af tremendous help to provide critical results,
not available by other means, of pharmacologic and other interventions.

Dr. Spungeon gave an analogous talk on changes in soft tissue composition in SCI vs. control
twins. As with bone, findings include unusually long duration of lean tissue loss after SCI
exceeding that due to age. Adverse hormonal changes (decrease testosterone, growth hormone
and IGF-1) are contributory. IVNAA is needed to validate the extreme changes (and possible
therapeutic reversals) now observable only by DXA (limited by its variability due to self-
absorption and lack of specificity) or by TBK. Particularly useful would be measurement by
GNRA of changes in intercostal muscles in tetraplegics.

Dr. Valerie Johnson (of Cornell Univ.) reported on behalf of her co-workers (at St.
Luke’s/Roosevelt and Albert Einstein College of Medicine) that growth-retarded children with
chronic renal failure benefit from treatment for 18 months with thGH by increase of height, ICW
(representing lean mass) and bone parameters relative to age-matched normal children, while
showing a decrease in % fat. She pointed out that total body K and instrumentation with low
radiation doses, for body composition analysis, will be of extreme value in studying and
maintaining these children.

Dr. Jonathon Sachner-Bernstein (of St. Luke’s/Roosevelt) described the exceptional finding of
“intracellular edema”, as evidenced by decreased ECW with normal TBW, and therefore
increased ICW, in patients with mild or moderate heart failure compared to matched controls. A
resultant dilution of intracellular K causes decreased membrane potential, which could contribute
to decreased cardiac and skeletal muscle function and abnormal myocardial electro-conductivity
leading to arrhythmias. Further measurements of individual organ composition as it relates to its
function would be instrumental and very helpful in understanding the physiology and in patient's
maintenance.
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Dr. Peter Garlick (of SUNY, Stony Brook) described the studies of his group on turnover of
protein (synthesis and degradation) by the use of stable isotope-labeled amino acids. He
emphasized the need for better knowledge of nitrogen balance in view of certain inaccuracies or
inconveniences of old or present methods. Finding on the effects of GH in post-surgical or
inflammatory states or in AIDS were described. There is a need for non-invasive and
longitudinal studies of TBN and of N in individual tissues in order to evaluate sustained loss or
gain.

Dr. P. K. Coyle (SUNY, Stony Brook) outlined the pathogenesis (little known), clinical
characteristics and course of multiple sclerosis (MS). The problems of heterogeneity of MS and
the high prevalence of clinically silent lesions were described. The current special values of
MR, and also its limitations, were reviewed. Hope was expressed that techniques (high-strength
MRI, MRS, local NAA or GNRA) presently under construction at BNL could throw light on the
nature of ups and downs of this chronic active neurologic disease and efficacy of therapies.

In the round table concluding discussion both Dr. Kirchner, the moderator, and Dr. Chang
posed a question as to what kind of role (if any) the BCA P and its facilities at BNL could play in
the future, vis-a-vis the same or similar facilities developing at individual clinical centers. A
simple answer is that BNL is a unique center in the"USA in which new methodologies for in vivo
measurements are being developed. The only other similar facility on the East Coast is in Boston
and in the south is in Houston Texas. The Department of Agriculture operates both for
conventional measurements. Furthermore, these two facilities do not operate a delayed neutron
activation facility and for K measurement a simple shadow counter is used in Boston. Thus BNL
operates unique facilities nationwide and provides a unique community resource not available
elsewhere. In the near future the measurements at BNL (most uniquely the DGNAA for TBCa)
are integral components of the renewed studies of obesity and of aging as required within the
NIH-funded “PPG-3” grant for the next 5 years based at St. Luke’s/Roosevelt. Within that time
the development of a whole body carbon/nitrogen facility at St. Luke’s would require thorough
cross calibration with BNL facilities. It is critical in order not to invalidate the integrity of the
worldwide uniqueness of the body composition database that contains thousands of entries
accumulated over the years. In this context an explicit and important role for BCAP at BNL was
identified to provide a national, and for that matter an international, reference calibration
laboratory for in vivo elemental analysis. It was pointed out that BNL might well continue to be
a national (and international) center for “reference bodies” of different gender, age, ethnicity,
body shapes and sizes which could further refine phenotypes of body composition that could be
related to particular genotypes. Furthermore, the proliferating of new commercial non-specific
surrogate methodologies for body composition analysis must be validated by direct methods
before they gain the confidence of the clinical physician and an established status in a clinical
practice. For example the need for calibrating DXA for bone mass in aberrant body types and in
disease was clearly demonstrated in SCI patients. A reference laboratory role is one that befits
that of a national laboratory. A further point was made about the strong back up of major physics
and engineering facilities at BNL as a whole.

For the more distant (or even near) future the application of regional body measurements at
BNL, which are possible in a limited way (e.g., TBN, hence muscle, in the thigh) with present
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equipment and more effectively by development of 3-D imaging with GNRA, is the direction
most desired. Various speakers at this seminar have described specific interests in that direction,
particularly in order to evaluate better the effects of various therapies. It was recognized that the
GNRA method could eventually be applied to regional carbon (for specific locations of fat) and
calcium (for specific areas of bone). This could follow the initial development for measurement
of regional N. It was again emphasized that CT or MRI measurements would have increased
meaning when co-registered with direct methods.

Meanwhile, study of other kinds of transportable subjects (e.g., HIV+, aging men, pre- vs. post-
operative states) may be continued, renewed or newly applied. Application of body composition
analysis to new patient populations and their clinical relevance, e.g., SCI, pediatrics, and cardiac
patients, were pointed out in four presentations.

It was evident that this day’s gathering of investigators from several disciplines had not only
been uniquely instructive but also clearly pointed out the future roles that BNL, not only have
but, must play. One, in serving as a reference laboratory for in vivo measurements, and two,
providing a center for new advanced instrumentation such as GNRA. Suggestions were brought
out about examining body composition and related function by unusual means. These included
MR spectroscopy (MRS) of 1-H in particular chemical compounds by high Tesla magnets, MRS
of 31-P in brain phospholipids, MRS of 15-N in various sites, PET of 15-O2 in individual
organs for metabolic rates, planar gamma or SPECT of 43-K for local muscle mass and analysis
of Mn, Al, and Fe because of concerns of toxicity. However, the necessity of these methods to be
calibrated against primary ones was not overlooked. All of the objectives stated in the
introduction were achieved, as manifested in this report, with a clear mandate and a call for
continuation of the Body Composition Analysis Program at BNL. Dr. Paul ended with the
comment that acquisition of a major new facility at BNL, such as the special accelerator needed
for GNRA, ought to have some particular conceptual goals defined and reasonably justified, but,
as usually is the case, might well have unexpected rewards that could go beyond the original
envisioned potential.
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