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Saltation and Stasis: A Model of Human Growth 

M. Lampl,* J. D. Veldhuis, M. L. Johnson 
Human growth has been viewed as a continuous process characterized by changing 
velocity with age. Serial length measurements of normal infants were assessed weekly (n  
= 1 O) ,  semiweekly (n  = 18), and daily (n  = 3) (1 9 females and 12 males) during their first 
21 months. Data show that growth in length occurs by discontinuous, aperiodic saltatory 
spurts. These bursts were 0.5 to 2.5 centimeters in amplitude during intervals separated 
by no measurable growth (2 to 63 days duration). These data suggest that 90 to 95 percent 
of normal development during infancy is growth-free and length accretion is a distinctly 
saltatory process of incremental bursts punctuating background stasis. 

T h e  present assumptions regarding the bi- 
ology of human growth are based primarily 
on height and weight data collected in 
auxological studies. Individuals have been 
traditionallv measured at auarterlv intervals 
during infancy, and annually or biannually 
during childhood and adolescence. Physio- 
logical data are mathematically smoothed 
and growth is represented as a continuous 
curve of three sequential stages: infancy, 
with growth progressing at a rapidly decel- 
erating rate from birth; childhood. as 

approaches a relatively constant 
but slow rate; and adolescence, when the 
pubertal growth spurt propels the body 
toward final adult form with a sharp in- 
crease and final rapid decrease in growth 
velocity (1, 2). 

Although undulations in growth veloci- 
ty patterns have been described in individ- 
ual data as early as the 18th century (3), 
they have most often been assumed to 
reflect measurement error (4). The consen- 
sus for most of the century has been that a 

focus on the structure of the individual time 
course of growth is unprofitable. Sporadic 
reports suggest that traditional studies may 
overlook important aspects of individual 
growth patterns because undulations in 
growth rates shorter than the period of 
measurement go undetected (5). Descrip- 
tive studies support this conclusion with 
data on nonlinearity (6) or short-term ve- 
locity oscillations in serial height as well as 
total body or lower leg length (7). The 
general dictum, however, is that while 
some oscillation occurs in the growth rate 
of some children, growth is a continuous 
and generally constant process (I) ,  and that 
the most satisfactory assessment of chil- 
dren's erowth is still considered to be made " 

over annual intervals (8). 
The availability of human growth hor- 

mone and the resulting clinical potential 
for treatment of growth disorders, as well as 
advances in molecular biology describing 
normal cellular growth control mecha- 
nisms. underscore the im~ortance of clari- 
fying normal growth dynamics. 

M. Lampl, Department of Anthropology, University of The present further investigates 
Pennsylvania, Philadelphia, PA 19104, the nature of normal infant growth with 
J. D. Veldhuis, National Science Foundation Center for time-intensive data and an analytic descrip- 
Biological Timing and Division of Endocrinology and 
Metabolism, Department of Internal Medicine, Univer- tor. Thirty-one (9) 
s ib of Virqinia Health Sciences Center, Charlottesville, casian American infants (19 females and 12 
VA 22908 males) were studied between the ages of 3 
M. L. Johnson, National Science Foundation Center for 
Biolooical Timino and De~artment of Pharmacoloov. days and 21 months after parental informed 
univGsity of ~ i G i n i a  ~ e a l t h  Sciences Center, ~h;: consent of an institutionally approved hu- 
lottesville, VA 22908. man subjects protocol. Ten of these infants 
*To whom correspondence should be addressed. were measured weekly for periods of 4 to 12 

months, 18 were measured semiweekly for 4 
to 18 months, and 3 infants were measured 
daily for 4 months. 

Recumbent length, weight, and head 
circumference were assessed accordine to 
standard techniques (1 0) ; the serial leigth 
measurements are the focus of this report. 
Total recumbent length was measured to 
the nearest 0.05 cm by two observers with a 
specially designed infant measuring board 
(1 1) during home visits; 80% of the mea- 
surements were re~licates. 

Sources of measurement error and varia- 
tion include the equipment, repeated mea- 
surements, the technique of the observer, 
and the coo~eration of individual subiects. 
The technical errors of repeated measure- 
ment (12) for length were significantly dif- 
ferent between children, reflecting individ- 
ual variability in cooperation. A pooled 
intra-observer error of 0.124 cm (1729 rep- 
licates) and an inter-observer pooled error of 
0.11 cm (with an independent rater), paral- 
lel reports of technical errors of replicate 
measurement (0.114 to 0.145 cm) recently 
published (13). Because the technical error 
of repeated observations cannot account for 
all errors of measurement, the quantitative 
analytic methods were designed to take into 
account a wider range of possible measure- 
ment error inherent in the data. 

Analytical methods developed in part 
for the evaluation of episodic hormonal 
pulses (1 4) were modified for the analysis of 
the serial body measurements as an ad hoc 
first approximation descriptor. Individual 
serial growth data were modeled as a series 
of putative, distinct, stepwise (saltatory) 
increases or jumps separated by variable 
intervals of no change. Using replicate 
measurements and an error estimate. we 
express serial increments as standard nor- 
mal deviates. These deviates are assessed at 
an experimentally defined probability (or P 
value) of falsely rejecting the null hypoth- 
esis of no difference in serial length mea- 
sures. 

The growth in length of all subjects in 
this study occurred by saltatory increments 
with a mean amplitude of 1.01 cm identi- 
fied at the P < 0.05 level. A plot of this 
growth punctuates intervals when no statis- 
tically significant growth occurred (Table 
1). We found that the growth saltations 
were not identifiably periodic but episodic. 
Information on the precise temporal struc- 
ture of a growth saltation is constrained by 
the measurement interval, the smallest 
window for incremental growth documen- 
tation. When assessed weekly, length in- 
crements from 0.5 to 2.5 cm punctuated 7- 
to 63-day intervals of no growth. Semi- 
weekly assessments showed saltatory length 
increments of 0.5 to 2.5 cm punctuating 3- 
to 60-day intervals of no growth. Daily 
measurements documented length incre- 
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ments from 0.5 to 1.65 cm (23 of 28 
ranging from 0.8 to 1.65 cm in 1 24 hours) 
separated by 2 to 28 days of stasis (Fig. 1). 
The daily data suggest that many of the 
weekly and semiweekly increments may 
have occurred during individual 24-hour 
(or shorter) intervals. The amplitude of 
these saltations is 2.5 to 10 times greater 
than errors of measurement. 

Our findings generate the hypothesis 
that human length growth during the first 2 
years occurs during short (124 hours) in- 
tervals that punctuate a background of sta- 
sis. Contrary to the previous assumption 
that the absence of growth in developing 
organisms is necessarily pathological (I ,  
I S ) ,  we postulate that stasis may be part of 
the normal temporal structure of growth 
and development. The validity of this mod- 
el is supported by two observations: (i) the 
sum of individual growth saltuses accounts 

for the entire growth of individual infants 
during the course of their serial documen- 
tation (within measurement error) and (ii) 
the measurements at the end of each stasis 
interval are within measurement error of 
those from the first day of the same plateau. 
This constancy would not be the case if 
there were growth during the proposed sta- 
sis intervals. 

A pattern of saltation and stasis is also 
found for growth in head circumference in 
the sample infants and thus may not occur 
solely in linear bone growth (1 6). Further- 
more, this model is not constrained to 
infancy because daily data on growth in 
height during adolescence show the same 
discontinuous saltus and stasis profile (1 6). 

The unavailability of long-term, time- 
intensive data limits further explication of 
the time structure and amplitude character- 
istics of growth saltuses. Developmental age 

58 I 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 

Age 
Fig. 1. Daily length measurements of a male infant from 90 to 218 days of age (with the exception 
of 11 days). Data are plotted by length (centimeters) and age (days x 10"). Measurements are 
plotted as vertical bars representing the average of replicate measurements 2 a technical error of 
measurement range (0.08 cm, based on 100 replicate measures). The saltatory model identified 13 
significant increments at the P < 0.05 level (mean, 0.91 cm; SD, 0.32; SEM, 0.08; median, 0.9 cm, 
range, 0.53 to 1.67 cm) separated by 2 to 15 days of stasis. 

Table 1. Sample summary 

Measurement protocol Daily Semiweekly Weekly 

Number of subjects 
Age range (days of age) 
Number of measurements 
Amplitude of saltations (cm) 

Mean 
SD 
SEM 
Median 
Range 

Duration of stasis (number of days) 
Mean 
SD 
SEM 
Median 
Range 

changes in growth rates as well as individual 
differences in size (for example, length and 
height) and growth rate, may reflect vari- 
ability in the amplitude, frequency, or both 
of discrete saltations. This pattern for pul- 
satile characteristics of growth hormone 
was observed in (1 7). In the present study, 
the mean amplitude (but not frequency) of 
weekly length growth episodes correlated 
with growth rate (but not size) in a subsam- 
ple of 14 infants [P < 0.018 (18)l. 

Although saltatory growth has been doc- 
umented for synchronized cell cultures in 
vitro (19), saltation and stasis have not 
been previously demonstrated at the level 
of whole animal linear growth. These re- 
sults may have implications for research 
into long bone growth factors (20), cell 
kinetics (21), and normal and abnormal 
growth of other cell types in general (22). 

Our inferences are not inconsistent with 
recent cell-cycle research [for example, 
(23)l. The plateau periods of no apparent 
linear growth suggest that periods of growth 
stasis, possibly reflecting the operation of 
cellular growth inhibitory mechanisms, 
constitute normal physiology and that 
growth itself is a saltatory, highly time- 
constrained event. Thus, both a suppressive 
(or inactive) phase and a growth phase 
seem to be at the basis of the normal 
pattern of human growth at the organismic 
level. The gross assessment of human linear 
growth as described here suggests coordina- 
tion of multiple cellular processes and per- 
haps synchronization of cellular growth. 
The exact mechanisms responsible for gen- 
erating short-lived growth increments in 
healthy growing individuals are not known. 
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Anti body-Catalyzed Rearrangement of the 
Peptide Bond 

Richard A. Gibbs, Scott Taylor, Stephen J. Benkovic 
The generation of antibodies from a bifunctional cyclic phosphinate transition-state analog 
provided agents capable of efficiently catalyzing both steps of the overall conversion of a 
substrate containing an asparaginyl-glycyl sequence through a succinimide intermediate 
to the products aspartyl-glycyl and the rearranged isoaspartyl-glycyl sequence. This re- 
action provides a potential means in addition to amide cleavage for the deactivation of 
protein or peptide biological functions in vivo. 

A major goal in the field of catalytic 
antibodies is the inactivation of proteins or 
peptides. There are two principal means by 
which this may be achieved. One is 
through the cleavage of the amide bond by 
hydrolytic or oxidative methods, and a 
second is through the modification of side- 
chain residues or through the rearrange- 
ment of the main peptidic chain (I). Ex- 
amvles of the latter include the deamida- 
tio; of Asn or Gln residues and the related 
P-aspartyl shift mechanism. One can gen- 
erally prevent these processes from rapidly 
occurring by having the protein chains 
adovt conformations that exclude the fa- 
vorable reactive distances and bond angles 
required for these processes (2, 3). The 
deamidation of Asn residues has been im- 
plicated in protein denaturation (4), in the 
initiation of proteolytic processes leading to 
protein degradation in vivo (5), and in the 
loss of enzymic activity (6). 

We were particularly interested in the 
possibility that properly selected antibodies 
might restrain the side-chain amide carbo- 
nyl and the n + 1 amide nitrogen in an 
alignment and distance favorable for reac- 
tion to form a succinimide intermediate. 
That in turn would hydrolyze to the Asp 

Department of Chemistry, The Pennsylvania State 
University, 152 Davey Laboratory, University Park, PA 
16802. 

deamidation and the isoaspartyl (IsoAsp) 
P-shift mechanism products (Fig. 1). In 
addition to providing a favorable ground- 
state conformation, the antibody binding 
site must also complement the metastable 
tetrahedral intermediates 1 and 3 (Fig. 1) 
and their associated transition states, which 
presumably are involved in the two-step 
reaction sequence. Differential ground- and 
transition-state complementarity are neces- 
sary for efficient catalysis to occur. 

We chose the N-acetylasparginylglycyl 
(N-phenethyl)amide, 4, as representative 
of the Asn-Gly linkage in proteins and the 
cyclic phosphinate, 5, to mimic the inter- 
mediate species 1 to 3. 5 possesses two 
tetrahedral moieties-the phosphinate and 
secondary alcohol-so that it mimics both 
transition state 2 and 3. The synthesis of 4 
and 5 are outlined in Fig. 2. The synthesis 
of 5 begins with the previously described 
chloride 6 (7) and leads to a racemic 

\ ,  

product ultimately formed from trans addi- 
tion of azide to the racemic precursor ep- 
oxide. The final product 5 exhibits a single 
31P resonance at 49.8 ppm, consistent with 
values reported for other cyclic phosphi- 
nates (8, 9). An immunogenic conjugate 
was prepared from 5 through its linkage to a 
carrier protein (keyhole limpet hemocya- 
nin) . Monoclonal antibodies were obtained 
by standard protocols (10) and purified to 
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