
of the method. However, in cell-free systems, 
unnatural amino acid incomoration has 
been used not only to modify side chains, but 
also to substitute nonpeptide linkages for the 
peptide bond and to incorporate fluorescent, 
photolabile, and spin-labeled moieties ( 2 ) .  
These tactics can now be applied to many 
questions concerning structural and func- 
tional aspects of ion channels, receptors, and 
transporters. 

REFERENCES AND NOTES 

1. J. Normanly et al,  Proc. Natl. Acad. Sci. U.S.A. 83, 
6548 (1986); M. L. Michaels et ah, ibid. 87, 3957 
(1 990). 

2. C. J. Noren et al., Science 244, 182 (1989); S. A. 
Robertson et a/., J. Am. Chem. Soc. 11 3, 2722 
(1991); D. Mendeletal., ibid., p. 2758; J.A. Ellmanet 
al. , Methods Enzymol. 202, 301 (1 992); V. W. Cor- 
nish et al., Proc. Natl. Acad. Sci. U.S.A. 91, 2910 
(1 994). 

3. J. D. Bain, C. G. Glabe, T. A. Dix, R. A. Chamberlain, 
J. Am. Chem. Soc. 11 1,801 3 (1 989). 

4. The gene for tRNA-MN3, flanked by an upstream T7 
promoter and a downstream Fok I restriction site, 
was constructed from eight overlapping DNA oligo- 
nucleotides and cloned into pUCI 9. Digestion of the 
resulting plasmid (pMN3) with Fok I gave a linearized 
DNA template corresponding to the tRNA transcript, 
tRNA-MN3, shown in Fig. 1 B minus the CA at posi- 
tions 75 and 76. In vitro transcription of Fok I-linear- 
ized pMN3 was done as described [J. R. Sampson 
and 0 .  C. Uhlenbeck, Proc. Natl. Acad. Sci. U.S.A. 
85, 1033 (1 988)l. The 74-nucleotide tRNA transcript, 
tRNA-MN3 (minus CA), was purified to single-nucle- 
otide resolution by denaturing polyacrylamide elec- 
trophoresis and then quantitated by ultraviolet ab- 
sorption [J. R. Sampson and M. E. Saks, Nucleic 
Acids Res. 21,4467 (1993)l. Digestion of pMN3 with 
Bst NI gave the template for transcription of the full- 
length tRNA. 

5. Most unnatural amino acids were purchased from 
commercial sources. For the preparation of 
4-COOH-Phe, an appropriately protected (NVOC = 

nitroveratryloxycarbonyl) Tyr [NVOC-Tyr(0H)-OtBu] 
was converted to the triflate INVOC-Tvr(OT0-OtBul. 
A mixture of the trislate, KOAC, P~(oAc),, I , I  '-bis- 
(dipheny1phosphino)ferrocene (dppb, and dimethyk 
sulfoxide (DMSO) was reacted at 85°C by means of a 
Pd-catalyzed carbonylation sequence that was 
quenched with HCI [see S. Cacchi and A. Lupi, Tet- 
rahedron Lett. 33, 3939 (1992)l. The synthesis of 
dCA and the procedure for coupling the amino acid 
are described in (2). 

6. The dCA-amino acids were coupled to tRNA-MN3 
(minus CA) according to the method of T. E. England, 
A. G. Bruce, and 0 .  C. Uhlenbeck [Methods Enzy- 
mol. 65, 65 (1980)l. Before l~gation with T4 RNA 
ligase, tRNA-MN3 (minus CA) was heated to 90°C in 
6 mM Hepes-KOH (pH 7.5) for 3 min and slowly 
cooled to room temperature. Gel-shift analysis indi- 
cated approximately 75% efficiency in ligation, which 
was independent of the identity of the dCA-amino 
acid donor. 

7. J.-L. Galzi, F. Revah, A. Bessis, J.-P. Changeux, 
Annu. Rev. Pharmacol. 31, 37 (1991); H. A.   ester, 
Annu. Rev. Biophys. Biomol. Struct. 21, 267 (1 992); 
A. Karlin, Curr. Opin. Neurobiol. 3, 299 (1993). 

8. M. J. Dennis et al. , Biochemistry 27, 2346 (1 988); S. 
N. Abramson et a/., J. Biol. Chem. 264, 12666 
(1989); J.-L. Galzi et a/. , ibid. 265, 10430 (1990); J. B. 
Cohen et a/., ibid. 266, 23354 (1991). 

9. A search of the GenBank database reveals that the 
sole exception is the neuronal a5 subunit. 

10. G. F. Tomaselli et a/. , Biophys. J. 60, 721 (1991); M. 
L. Aylwin and M. M. White, Mol. Pharmacol. 46, 
1 149(1994). 

11. M. E. O'Leary et a/., Am. J. Physiol. 266, C648 
(1994); S. M. Sine et a/., J. Biol. Chem, 269, 8808 
(1 994). 

12. S. X. Lin, M. Batzinger, P. Remy, Biochemistry 23, 
41 09 (1 984). 

13. J. Sampson et a / ,  ibid. 31, 41 61 (1 992); 1. A. Naza- 
renko et a/. , Nucleic Acids Res. 20, 475 (1 992). 

14. M. Jahn etal., Nature 352, 258 (1991); M. A. Rould 
et al. , Science 246, 1 135 (1 989). 

15. M. Yarus, Science 21 8, 646 (1 982). 
16. A rabbit reticulocyte lysate system (Promega, 

Madison, Wl) was used with incorporation of 
[35S]rnethionine. 

17. Site-directed mutagenesis was carried out with the 
Clontech Transformer site-directed mutagenesis kit 
(Palo Alto, CA). The a, 0, y,  and 6 subunits of AChR 
were subcloned into pAMV-PA, a modified pBS (S/ 
K+) vector containing an alfalfa mosaic virus (AMV) 
region directly upstream from the coding region of 
the insert and an A,, sequence downstream from 
the insert. The AMV region binds ribosomes tightly 
and Increases expression [S. A. Jobling and L. 
Gehrke, Nature 325, 622 (1987)], and we find that it 
Is effective in both the in vitro translation and oocyte 
expression systems. Capped transcripts were pre- 
pared in vitro. 

18. Before in vitro translation or microinjection, the 
NVOC-aminoacyl-tRNA-MN3 was renatured by 
incubation at 65°C for 3 min. The NVOC protecting 
group was subsequently removed by irradiation of 
the sample for 5 min at 23°C with a I -kW Xenon 
lamp using WG-335 and UG-11 filters (Schott, Dur- 
yea, PA). The deprotected aminoacyl-tRNA-MN3 
was immediately mixed with the desired mRNA and 
either added to the in vitro translation reaction or 
microinjected into Xenopus oocytes. 

19. In the 8 subunit of mouse AChR, TAG is the stop 
codon. To prevent the aminoacylated tRNA from 
inserting an amino acid at this position, this se- 
quence was mutated to TGA. 

20. Deprotected aminoacylated tRNAs were mixed with 
the desired AChR aTyr93TAG, aTyrlgOTAG, or 
aTyrl98TAG mRNA (10: l : l  : I  to 100 : l : l  : I )  and 
microinjected into Xenopus oocytes (50 nl per oo- 
cyte) [M. W. Quick and H. A. Lester, in Ion Channels 
of Excitable Cells, T. Narahashi, Ed. (Academic 
Press, San Diego, CA, 1994), pp. 261- 2791. Inject- 
ed tRNA and mRNA concentrations were 0.4 ng/nl 
and 0.30 ng/nl, respectively. Wild-type AChR, AChR 
aTyrl9OPhe, and AChR dyrl98Phe (4 : l  : I  : I )  
mRNAs were injected at concentrations of 0.035 
mg/ml and 0.35 mg/ml. Electrophysiological record- 
ings were carried out 12 to 24 hours after injection 
with the use of a two-electrode voltage clamp circuit. 
Electrode resistance was 0.5 to 1.0 megohm. Bath 

solutions contained 96 mM NaCI, 2 mM KCI, 1 mM 
MgCI, and 5 mM Hepes (pH 7.5). To prevent activa- 
tion of the endogenous Ca2+-activated GI- channel 
by muscarinic receptors, atropine ( I  pM) was includ- 
ed in the bath solution and Ca" was omitted. Wild- 
type mRNA synthesized from the AMV vector gen- 
erally gave EC,,values approximately two times 
greater than those obtained with mRNA synthesized 
from pBluescript. We have not systematically stud- 
ied this effect. 

21. Abbreviations for the amino acid residues are as 
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, 
Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; 
and Y, Tyr. 

22. M. Bienz, E. Kubli, J. Kohli, S. de Henau, H. 
Grosjean, Nucleic Acids Res. 8, 51 69 (1 980). 

23. After 3 days, responses with tRNA-pMN-3 tRNA 
were eight times smaller than with tRNA$",e,. 

24. The membrane potential was stepped from the 
holding value of -80 mV to +50 mV for 100 ms, 
followed by a step to a test potential between +50 
and -120 mV for 100 ms. Measurements were 
carried out at 12°C. 

25. P. R. Adams, J. Membr. Biol 58, 161 (1981). 
26. J. S. Thorson, J. K. Judice, E. Chapman, E. C. Mur- 

phy, P. G. Schultz, J. Am. Chem. Soc. in press. 
27. D. W. Urry et a/. , ibid. 11 5, 7509 (1 993). 
28. J. P. Hammett, ibid. 59, 96 (1937). For reviews, see 

R. D. Topsom, Prog. Phys. Org. Chem. 1 2 , l  (1 976); 
S. H. Unger and C. Hansch, ibid., p. 91; L. S. Levitt 
and H. F. Widing, ibid., p. 11 9. 

29. D. A. Dougherty and D. A. Stauffer, Science 250, 
1558 (1 990). 

30. J, L. Sussman et a/., ibid. 253, 872 (1991). 
31. K, values for dTC were determined by dose-ratio 

analysis in the presence of several dTC concentra- 
tions [see K. Yoshii, L. Yu, K. Mixter-Mayne, N. 
Davidson, H. A. Lester, J. Gen. Physiol. 90, 553 
(1 987)l. 

32. We thank V. Cornish, P. Deshpande, 0. Uhlenbeck, 
and Y. Zhang for suggestions; E. Chapman for help 
with synthesis; and J. Jankowski for help with the 
measurements. Sponsored by grants from NIH, the 
Office of Naval Research, the Howard Hughes Med- 
ical Institute, the University of California Tobacco- 
Related Disease Research Project, and the Beck- 
man Institute at Caltech. 

8 November 1994; accepted 23 January 1995 

WTECHNICAL COMMENTS 

Patterns of Human Growth 

H u m a n  growth has generally been as- 
sumed to be a continuous process, the cu- 
mulative sum of millions of unsynchronized 
cell replications. In 1978, J .  M. Tanner 
wrote, "Growth is in general a very regular 
process. Contrary to opinions still some- 
times met, growth in height does not pro- 
ceed by stops and starts . . ." ( 1 ) .  Previous 
studies of human and animal growth sup- 
port this concept ( 2 ) .  

In their report ( 3 ) ,  M. Lampl et al. chal- 
lenge this view, concluding instead that hu- 
man linear growth occurs in sudden spurts, 
separated by long periods with no  measur- 
able growth. They measured crown-heel 
length weekly, semiweekly, or daily in 
healthy infants and describe brief aperiodic 
bursts of growth, up to 1.65 cm in a single 
day, separated by long intervals, up to 63 

davs. with no  measurable growth. Thus, the , , - 
human infant was proposed to alternate be- 
tween two states. one with a growth velocitv - 
of zero, the other with a mean velocity of 1 
cm per day, which would correspond to an  
annualized velocity of 365 cm per year. 

These observations, if correct, would 
require fundamental revisions in our under- 
standing of growth ( 1 ,  2). For example, the 
model of saltation and stasis proposed 
by Lampl et al. ( 3 )  implies. the existence 
of previously unsuspected synchronizing 
mechanisms, presumably hormonal, able to 
switch cell division on or off simultaneously 
throughout the organism, but none of the 
known endocrine regulators of growth fluc- 
tuate in such a manner. 

We  attempted to confirm the hypothesis 
of saltatory growth with an experimental 
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design that avoids some of the limitations in 
the study by Lamp1 et al. Five healthy infants 
(three males and two females), aged 1.6 to 
4.2 months (mean 2.5 months), were stud- 
ied. A single observer measured knee-heel 
length, crown-heel length, head circumfer- 
ence, and weight at the same hour of every 
day for one month. Knee-heel length was 
measured by creating 10 photographic imag- 
es of each lower leg. To  prevent measure- 
ment bias, the observer was "blinded" to the 
subject and to the date of the picture (4). 
Crown-heel length was measured in tripli- 
cate. with the use of a Hamenden-Holtain 
infaAtometer. The observer \as blinded by 
covering the digital counter with opaque 
paper until the mobile footboard was locked 
in vlace. Weight and head circumference 
we& measuredvby standard techniques (5). 
Within-day measurement errors, similar in 
magnitude to mean daily growth (Table I ) ,  
probably underestimated the true between- 
dav measurement error (6). ~, 

First, individual growth curves were ex- 
amined visually to assess the growth pattern 
(Fig. 1). Saltations of the magnitude de- 
scribed bv Lamu1 et al. (3) were not observed. . , 
nor were the many lengthy periods of stasis 
that thev described (mean duration 12 davs). , . 

~ecoAd,  to analize the growth patterns 
statistically, we determined the frequency 
distribution of daily growth velocities and 
compared this observed distribution with 
those predicted by the saltatory and contin- 
uous growth models (7). The proposed 
model of stasis and saltation (3) predicts a 
majority (-92%) of daily growth velocities 

Fig. 1. Growth in a single in- 
fant. (A) Crown-heel length, 
(B) knee-heel length (0 : 
right; 0 : left), (C) head cir- 
cumference, (D) weight. Er- 
ror bars represent the mean 
2 2 SEM. Linear regression 
line predicted by the contiri- 
uous model and representa- 
tive growth curve predicted 
by the saltatory model (dura- 
tion of stasis, 12 days). 

Table 1. Daily growth (in centimeters or kilograms) and measurement errors (centimeters). 

Crown- Knee- Head 
heel heel circum- Weight 

length length ference 

Mean daily growth 0.102 0.020 0.046 0.021 
Total number of daily measurements 148 234 148 148 
Within-day measurement error (SEM) 0.193 0.031 0.078 NA* 

*Only one measurement was taken each day 

clustered around zero (during stasis), and a 
minority (-8%) of high daily growth ve- 
locities (during saltation), that is, a bimodal 
or composite distribution (Fig. 2, A and B, 
dashed curves). The distribution ~redicted 
by a continuous growth model is a single 
cluster about the median growth velocity 
(Fig. 2, A and B, solid curves). The ob- 
served frequency distributions (Fig. 2, A 
and. B, bars) for all four types of measure- 
ments were significantly different from the 
predictions of the saltatory model (P< 0.01, 
x2 test), under the assumption of a mean 
durationsof stasis of 12 days, as previously 
described (3, 8). Instead, the distribution of 
the growth velocities for the crown-heel 
length (Fig. ZA), the knee-heel length (Fig. 
ZB), and weight (not shown) was approxi- 
mately Gaussian (9). The distribution of 
the erowth velocities for the head circum- " 
ference, although platykurtic, also appeared 
unimodal (not shown). Thus. the data 
were inconsistent with ;he proposed salta- 
tory model and supported instead a con- 
tinuous model. The  cumulative probabili- 
ty plots of-daily growth velocities also 

support this conclusion (Fig. 2, C and D). 
The bimodal or composite frequency dis- 

tribution predicted by the saltatory growth 
model is skewed to the right (predicted 
skewness coefficient, gl - 0.8), whereas the 
predicted unimodal frequency distribution 
~redicted bv the continuous model is not 
ikewed (prgdicted skewness coefficient, g, - 0) (10). The  observed skewness coeffi- 
cient did not differ significantly from zero 
for any of the four growth parameters (data 
not shown), which again favors a continu- 
ous rather than the saltatory growth model. 

As a third test of the saltatom model. we 
asked whether, in a given infant on a given 
day, the knee-heel growth velocity correlat- 
ed with the crown-heel growth velocity. 
Since the knee-heel leneth is a comvonent " 
of the crown-heel length, stasis in crown- 
heel length would necessarily require stasis 
in knee-heel length. Similarly, saltations in 
knee-heel length would necessarilv ~roduce  
saltations in curown-heel length. $us, the 
saltatory model predicts a strong positive 
correlation between the two velocities. O n  
the basis of described magnitude of the sal- 
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Fig. 2. Frequency distributions of individual daily growth velocities. Daily growth velocities were calcu- 
lated for (A and C) crown-heel length and (B and D) knee-heel length for each infant. For each growth 
measure, the histogram (A) and (B) shows the observed frequency of velocities for the combined data 
from all infants. Solid curves, single Gaussian distributions predicted by the continuous growth model. 
The mean and SD of these curves were set equal to the mean and SD of the data sets. Dashed curves, 
representative bimodal or composite distributions predicted by the saltatory model. Overall means of the 
composite distributions were set equal to the means of the data sets. (C and D) Cumulative probability 
distributions for the same data as in (A) and (B). Ordinate represents the proportion of days with growth 
velocity less than or equal to the abscissa. Actual data are shown by the heavy solid curve. Lighter solid 
curve represents the single Gaussian distribution predicted by the continuous growth model. The dashed 
curve shows a representative bimodal or composite distribution predicted by the saltatory model with 
growth on 8% of the days. 

tations (3) and the magnitude of our mea- ry model. The discrepancy between our find- 
surement errors, the saltatory model predicts ings and the observations of Lampl et al. 
r2 - 0.5. In contrast, the continuous model cannot be ex~lained bv differences in mea- 
predicts only a weak correlation between the 
crown-heel and the knee-heel growth veloc- 
ities as a result of the gradual decline in 
growth velocity with age. As this decline is 
smaller than the measurement error by a 
factor of approximately 10 to 20, the predict- 
ed correlation under the continuous model, 
r2 - 0.001, is negligible. The observed cor- 
relation between daily knee-heel and crown- 
heel growth velocities was weak (r2 = 0.03), 
which is consistent with a continuous. but 
not the saltatory growth model. 

As a fourth test, we fit each 1-month 
growth curve first with a saltatory model 
having up to three saltations separated by 
stases of variable length, and second with 
a continuous growth curve comprised of 
up to three linear segments (a  linear 
spline). The  continuous growth model fit 
the overall data set significantly better (as 
measured by the residual sum of squares) 
than did the comparable saltatory model 
(P < 0.01, t test). 

Thus, by all four statistical approaches, 
the data were incompatible with the saltato- 

surement errdr. In both studies, the within- 
day measurement error ranged from one to 
two times the mean daily growth velocities. 
The discrepancy could be a result of the 
different study designs. In contrast to the 
report by Lampl et al. (3), our study em- 
ployed an observer blinded to preclude mea- 
surement bias (1 l ) ,  rigorous statistical tests 
to  compare the two models, and an analysis 
of multiple growth measures to distinguish 
fluctuations due to measurement error from 
saltatory growth. 

A n  analogous studv. which used rabbits " , , 
and extremely accurate radiological growth 
measurements. also demonstrated continu- 
ous growth (1 2), which suggests that growth 
in  other mammals also occurs continuously. 

Thus, our data (13) do not support the 
proposed model of saltatory growth and sug- 
gest instead that human growth occurs con- 
tinuously. 
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Response: The  saltatory model tested by 
Heinrichs et al. is not  the aperiodic salta- 
tory model presented in our report (1 ), but 
is a model thev have constructed to assess 
data in which the number of observations 
is so small and the error of measurement so 
great that meaningful conclusions are not 
supportable. 

We  reported (1) 1973 serial length mea- 
surements (2) from 31 normal infants (aged 
2 to 602 days) who were followed for 4 to 15 
months. The data were fit by a mathematical 
model designed (i) to identify significant 
differences in serial measurements from 
background measurement error noise (P < 
0.05), (ii) to distinguish between a continu- 
ous and a discontinuous function, and (iii) to 
provide a false positive rate for identifying 
significant increments when they are not 
present near zero (3). Each infant's total 
growth during the study was accounted for 
by aperiodic pulses in total body length, 
separated by intervals of no growth, which 
could not be accounted for by Gaussian 
error (4). We termed this pattern of bursts 
"saltatory growth" and found the saltatory 
descriptor to be significantly better than 
continuous linear models by tests of autocor- 
relation and weighted variance (P 5 0.05). 
The uatterns of the amulitude (amount of 
growth at each episode) and frequency of 
growth events (number of davs between - 
growth events) were unique and variable 
within and between individual infants. 

We presented (1 ) a figure of one infant's 
growth and a table of sample descriptive 
statistics (5); Henrichs et al. apply our sam- 
ple averages to individual patterns and use 
the specific growth pattern of a single infant 
as a model for growth in all children. This 
approach produced results contrary to the 
unique individual growth pattern that we 
documented ( 1 ). ~, 

Heinrichs et al. analyze month-long data 
sets by a "saltatory model having up to 
three saltations separated by stases of vari- 
able length." This is a similar but substan- 

Fig. 1. Six significant saltations (P < 0.05) in figure 
1 of the comment by Heinrichs et a/. (at 74,75,78, 
87, 90, and 94 days of age), as identified with the 
use of our saltatory algorithm (1). Error bars indi- 
cate the mean 2 2 SEM, as per Heinrichs eta/.  

Length increment (em) 

Fig. 2. Expected frequency distribution of daily 
growth increments taken from figure 1 of our 
report (7) .  

tively different method from ours (1 ). The a 
priori assumption that 1 month of growth 
data would be described by zero to three 
significant growth increments if growth 
were saltatory is neither an  assumption nor 
a prediction of our study (1). The 12-day 
average stasis interval reported by us (1 ) is 
not identical to  the increment expected in 
an individual's growth pattern. 

When our mathematical model (1 ) is , , 

applied to the length data represented in 
figure 1 A  of Heinrichs et al., six significant 
saltations are identified, separated by 1- to 
9-day intervals of no  significant growth 
(Fig. 1). The original saltatory model fits 
the data of Heinrichs et al. better (but not 
with statistical significance) than the con- 
tinuous models used in their comment (6). 
Thus, these data neither support nor detract 
from the proposition of saltatory growth. 
The growth pattern is unresolvable, as both 
a linear and saltatory pattern are statistical- 
ly equally likely. 

The second method of Heinrichs et al. 
assumes that a freauencv distribution of dai- . , 
ly growth velocities can be used to distin- 
guish continuous from saltatory growth. 
The data in our report do not support this 
and do not follow the criteria used by Hein- 
richs et al. (Fig. 2). Instead, our data pro- 
duce a skewed and platykurtic curve (7) ,  as 
does the curve produced by the head cir- 
cumference data reported by Heinrichs et al. 
The use of velocity histograms as an ana- 

Fig. 3. Two simulated growth patterns that gen- 
erate the identical frequency distribution, cumula- 
tive probability plot, and skewness coefficient as 
the saltatory experimental data shown in Fig. 2. 

lytic method (8) is problematic: The salta- 
tory model has two basic parts, the salta- 
tions and the times of stasis. A frequency 
distribution of growth increments preserves 
information about the magnitudes of salta- 
tions, but removes the temporal informa- 
tion pertaining to the sequence of the 
growth increments and thus contains no  
information about stasis periods. One  can- 
not re-create a unique growth pattern, or 
temporal ordering of growth episodes, from 
a frequency distribution of the size of daily 
changes. Because these daily changes could 
occur in any order, there are actually n 
factorial (n!) different growth patterns 
(where n is the number of serial incre- 
ments) that will generate the same distribu- 
tion function. There are 5 x (or 118!) 
different growth patterns (two are shown in 
Fig. 3 )  that generate a frequency distribu- 
tion identical to  the saltatory growth pat- 
tern revealed in the experimental data in 
our report (n = 118 serial velocities) (9). 
Two of these computer-generated nonsalta- 
tory, continuous functions (Fig. 3 ) .  have 
non-Gaussian, nonbimodal distributions 
identical to  those of the experimental data 
(Fig. 2), and all three have a skewness of 
1.265, predicted as necessarily saltatory by 
Heinrichs et al. (10). Thus, frequency dis- 
tributions of increments. and the associated 
cumulative probability plots and skewness 
coefficients. are nonsuecific and insensitive 
diagnostic tools for identifying continuous 
as opposed to saltatory processes. 

The third statistical method used by 
Heinrichs et al. raises the question: What 
are the relationships between body parts in 
growth? Research employing direct mea- 
surement of the body has documented 
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strong correlations between short-term 
growth spurts in the lower leg (assessed by 
direct instrumentation) and total body 
height (1 l ) ,  findings not corroborated by 
Heinrichs et al., perhaps because they use 
different techniques, relying on indirect 
photographic assessments. To  our knowl- 
edge, this technique has not been previous- 
ly validated for short-term measurement ac- 
curacy on  infants ( 12). Knee-heel length as 
measured by Heinrichs et al. is not the same 
measurement as the length of the anatom- 
ical leg that contributes to crown-heel 
length, but includes soft tissue on the supe- 
rior surface of the knee, which may con- 
found correlations between knee-heel 
length and crown-heel length. Recent stud- 
ies that use measurements of the bonev 
lower leg with the knemometer (13) ,  a 
blind-measurement technique that avoids 
the pitfalls of soft-tissue error (14), have 
shown a saltatory growth process during 
infancy ( 15). 

Data on head circumference and weight 
are shown in the comment by Heinrichs et 
al. As Scammon noted in 1930 (16), differ- 
ent body parts grow a t  different rates: Head 
circumference does not mimic body length 
data. Weights shown bv Heinrichs et al. " 
appear to have been collected when the 
infants were not under fasting conditions: " 

Small babies' significant intra-daily weight 
changes resulting from eating and output 
negate the usefulness of these data to doc- 
ument daily growth (17). 

It  is unlikely that the differences in re- 
sults reported by us and by Heinrichs et al. 
are primarily a result of data collection 
techniques. The effect of observer bias was 
similarly minimized in both studies, and our 
study (1) documented that measurements 
taken by an independent observer provided 
identical growth patterns of saltation and 
stasis at precisely the same time intervals 
(19). This would be unlikely to occur by 
chance. However, other sources for the dif- 
ferences in the conclusions of the two stud- 
ies include methods of analysis, as outlined 
above, and aspects of data related to (i) 
levels of measurement error and (ii) total 
number of observations. Heinrichs et al. 
describe their "within-day measurement er- 
ror (SEM)" as being "similar in magnitude 
to the mean daily growth," but their 95% 
crown-heel length "measurement error" is 
actually 0.378 cm, which is 270% greater 
than their proposed daily linear growth 
rates (20). Consecutive differences of less 
than 0.378 cm are not statisticallv identifi- 
able from error in their data, and thus the 
linear erowth model of Heinrichs et al. can- " 

not be documented through daily measure- 
ments. The error level reported by Hein- 
richs et al. is 56% greater than that reported 
by us (1 ), and the total study length only 6 
to 25% of the duration of ours. 

Heinrichs et al, incorrectly present the 
concept of saltation and stasis when they 
state that the saltatorv model ~red ic t s  
growth to occur at "an annualized velocity 
of 365 cm per year." They state that our 
model of saltatory growth proposed an  al- 
ternation between two states, "one with a 
growth velocity of zero, the other with a 
mean velocity of 1 cm per day." It is impor- 
tant to  point out that this mean daily ve- 
locity derives from the growth pattern of 
the children in our sample (middle class, 
well-fed Northwestern Europeans), and it is 
likely that genetic and environmental in- 
fluences contribute to saltus amplitude and 
frequency. Our saltatory model postulates 
that normal growth proceeds by time-con- 
strained growth episodes that punctuate du- 
rations when no  growth occurs; our model 
does not specify either the amount of 
growth at each episode or the frequency of 
growth episodes. Heinrichs et al., in their 
annualized calculations, apparently did not 
account for the presence of the stasis inter- 
vals observed in our data: Our ex~erimental 
data documented growth on only 33 out of 
372 davs. The  mean of the growth incre- " 
ments that occurred on these 33 days was 
0.95 cm. Thus. our ex~erimental observa- 
tions could be summarized as illustrating 
saltatorv erowth that occurred at an  annu- , - 
alized growth rate of 31 cm per year in our 
sample infants. This is the growth velocity 
of the average to above average child ac- 
cording to growth standards developed for 
American infants during the first year of life 
(21). Our data suggest that this normal 
annual velocity was accrued as 33 episodic, 
time-constrained pulses (within 24 hours), 
not by continuous daily acquisition. 

Heinrichs et al. cite, as an authoritative 
opinion against a ~altatory growth model, a 
statement in a.book by J. M. Tanner (1978) 
[their reference (I)] .  However, in  the most 
recent edition (1990) of the same book, 
Tanner has dropped the phrase "growth 
does not proceed by stops and starts . . ." 
and notes that "In some short periods 
growth arrest or even shrinkage seems to 
occur . . . " (22). 

The  model of saltation and stasis we 
propose does challenge scientific views of 
how humans grow. However, recent work 
by other researchers appears to support our 
observations of saltatory growth (15, 23), 
and a pattern of saltation and stasis reflects 
well-documented normal cell cycle controls 
(24). Our data suggest that saltation and 
stasis, as a growth process, reflects the cell 
cycle at the organismic level. Several stud- 
ies em~hasize that our understanding of ab- - 
normal growth, including malignancy, may 
be enhanced by an appreciation of normal 
growth inhibitory mechanisms (25) like 
those that control normal stasis intervals in 
growing organs. Saltatory human growth 

patterns reflect complex interplays of tran- 
scription factors, signal transduction, and 
receptor-mediated processes (26), for the 
coordinated release of stasis intervals during 
normal growth. Although postulated endo- 
crine-signaling mechanisms that might syn- 
chronize erowth mav not have been eluci- - 
dated yet, our observations of normal 
growth saltation and stasis challenge re- 
searchers to  investigate "previously unsus- 
pected mechanisms" that bring together 
normal growth processes at the level of the 
cell and whole organism. 
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under VAR conditions did (Table 1). Cells 
switched from STD to VAR conditions did 
not acquire responsiveness, but cells 

Table 1. Mitogenic actions of IL-8 on HUVEC cultures. 

switched from VAR to STD conditions 
showed diminished responsiveness to IL-8 
(Table 1). These data are most consistent 
with the interpretation that the cultures 
grown under VAR conditions contain a n  
IL-8 responsive cell type that is lost in STD 
cultures. Unexpectedly, even cultures under 
VAR conditions that respond to IL-8 do 
not appear to display high affinity binding 
of [1251]-IL-8, using a n  assay (3) easily able 
to quantify binding to neutrophils (data not 
shown). 

There are several possible explanations 
for lack of detectable high affinity receptors: 
(i) IL-8 could be mitogenic for HUVECs 

Culture - 
conditions* 

Cell number? 
Significance$ 

NO IL-8 +IL-8 

STD+STD 22.3 t 9.9 18.7 i 4.1 n.s. 
VAR-rVAR 15.3 i 7.6 34.8 i 5.5 P < 0.005 
STD+VAR 31.03 t 7.3 28.3 2 5.7 n.s. 
VAR-rSTD 22.8 2 10.5 31.8 2 9.8 P = 0.08 

*HUVEC isolates were serrally subcultured in parallel in standard medium (STD = Medium 199, 20% FCS, 50 +g/ml ECGF, 
100 pg/mi heparin, 0.4 mg/ml L-giutamine, I 0 0  U/mi pen~c~ilin-G, and 100 pg/mi streptomycin sulfate), or varrant medrum 
[VAR=Clonetics (San Drego, Cairfornia)-optimized Endotheiial Growth Medium, 2% FCS, 10 ng/ml human eprdermal 
growth factor, I+g/ml hydrocorirsone, bovrne brain extract, 40 ng/ml heparin, 50 pg/mi gentamicin, and 50 ng/ml 
amphoterlcin B] for two passages. Each culture was then splrt (1 :3) Into two groups; one remarned in the same medium 
(STD-STD or VAR-VAR) and one was crossed over to the other medium (STD-VAR or VAR-STD). t i 0  X l o 3  
cells were plated into 2.0-cm wells containing fresh STD or VAR medium t 1 X M IL-8. Cells were harvested and 
counted at 48 hours. Each condition was tested in six replicates, and cell number is the mean i SD of ceiis per 
well. $P values from paired Student's t test. Only ceiis maintained in VAR show a srgnificant mitogenic response; the 
response of cells transferred from VAR to STD medium is diminished. n.s., not significant. 
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