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Insulin is released in a high-frequency pulsatile secretory pattern, which is reflected as quantifiable oscillations in peripheral
circulating insulin concentrations. Type 2 diabetes mellitus is characterized by a broad spectrum of abnormalities in B-cell
function, including disturbed pulsatile insulin secretion as assessed by autocorrelation analysis. To achieve further insight
into B-cell pathophysiology in type 2 diabetes, we examined the orderliness of the baseline serum insulin time series (blood
collection every minute for 75 minutes) in 16 type 2 diabetics (fasting plasma glucose, 170 = 10 mg/dL [mean = SEJ]; serum
free fatty acid [FFA], 0.794 = 0.083 mmol/L; and known diabetes duration, 6 + 2 years) and 15 healthy controls (serum FFA,
0.523 = 0.055 mmol/L). We used approximate entropy (ApEn), a recently introduced scale- and model-independent measure
of serial irregularity. ApEn was significantly increased in the type 2 diabetics compared with the controls (0.671 = 0.016 v
0.653 + 0.008, P = .04), indicating more irregular serum insulin time series in diabetics. Autocorrelation also discriminated
between groups, although only when the data were pooled. Interestingly, an inverse relationship between ApEn and serum
FFA was observed in the controls (r = —.63, P = .01) and diabetics (r = —.65, P < .01), whereas no relationships were found
between ApEn and the age, body mass index (BMI), or plasma glucose. In conclusion, type 2 diabetes is characterized by an
increased disorderliness of the fasting serum insulin time series, strongly suggesting perturbed rapid oscillatory insulin
release. An inverse relationship between ApEn and fasting serum FFA among both groups might suggest a hitherto unknown
stabilizing action of FFA on the high-frequency pulsatile insulin release process. This hypothesis needs to be tested in
experimental designs that more specifically focus on this issue, eg, during changes in serum FFA.
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YPE 2 DIABETES MELLITUS is a heterogeneous disor- important link between insulin secretion and the insulin resis-
der characterized by insulin resistance and absolute otance of type 2 diabetes, because pulsatile insulin delivery

relative insulin secretory deficiency. Since the classic study byexerts greater insulin action compared with nonpulsatile insulin
Yalow and Bersonr,an immense number of studies have high- delivery3-15Based on autocorrelation analysis of serum insu-
lighted B-cell dysfunction in type 2 diabetes mellitd8. |in time series, Lang et & observed irregular oscillations of
Alterations include the loss or blunting of first-phase insulin se-the baseline insulin concentration in type 2 diabetic individuals,
cretion, decreased ability of non-glucose secretagogues to p@robably reflecting abnormalities in the series of metabolic and
tentiate insulin secretion during hyperglycemia, delayed orsignaling events involved in the cyclic release of insulin. Since
attenuated secretory responses to ingestion of a mixed meahken, more sensitive and specific insulin assays have been
increased circulating levels of proinsulin relative to insulin, developed’ and other mathematic approaches to assess signal
diminished insulin secretion rate during a graded intravenou%isruption have been presented.
glucose infusion, alterations in ultradian oscillations of insulin e sought to add another dimension to our understanding of
secretion, and disrupted high-frequency pulsatile insulin secreg.ce|| dysfunction in type 2 diabetes by examining time series
tion. However, some of the abnormalities have been shown tgj paseline circulating insulin (and glucose) in a group of type
be more or less reversible when the glycemic level is nearly, giabetics and healthy subjects by irregularity assessment and
normalized. autocorrelation analysis. To quantify irregularity, we used ap-

The osgillator); secretion of papcreatic islet hormones isproximate entropy (ApEn), a recently developed scale- and
well established.” More recent studies have demonstrated thaty g gel-independent statistic that quantifies the orderliness of
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serial data and is complementary to other algorithms for pulsehere is a precedent for handling the nonstationarities in insulin time
identification8-21 Previously, a loss of regularity of insulin series via the first-differenced derivatives. To allow comparisons to

secretion has been identified in elderly peéplnd in healthy  earlier studies?26 which, by using autocorrelation analysis, reported

first-degree relatives of diabetics during parenteral gmcosérregular high-frequency oscillations of circulating insulin and glucose
stimulatior?3 using ApEn in type 2 diabetic and prediabetic individuals, the data were also

assessed using 3-point moving-average smoothing prior to autocorre-
SUBJECTS AND METHODS lation (vide infra).
Subjects ApEn

Sixteen individuals (10 males and 6 females) with type 2 diabetes The regularity of the serum insulin concentration time series was
according to American Diabetes Association criteria and 15 healthyquantified by ApEn, a model-independent statistic described else-
subjects (9 males and 6 females) without any family history of diabetesvhere!8.1° ApEn is complementary to algorithms for pulse identifica-
mellitus participated in the study. All were anti-glutamic acid decar- tion, which arise mechanistically from different perspectives of hor-
boxylase (GAD)—negative. The mean age and body mass index (BMInone secretiof®1° ApEn evaluates both dominant and subordinate
were 53* 2 years (mearr SE) and 26.9+ 0.9 kg/nT in the diabetic  patterns in data and detects changes in the underlying episodic behav-
group and 40+ 3 years and 25.5 1.1 kg/nf in the control group. The  iors not reflected in the peak occurrence or amplittidene algorithm
mean known diabetes duration was-62 years. Seven diabetics were has been applied to assess release processes of growth hormone,
only treated with diet, and the other 9 were treated with oral agentduteinizing hormone, follicle-stimulating hormone, corticotropin, para-
(sulfonylurea, n= 4; biguanides, n= 3; or both, n= 2). Antidiabetic thyroid hormone, and testosterone in health and disease. ApEn cali-
agents were not used in the last 36 hours prior to examination. Thérates an ensemble of sequential interrelationships, quantifying a con-
protocol was approved by the Ethical Committee of the County oftinuum that ranges from totally ordered to completely random. In brief,

Aarhus, Denmark. ApEn assigns a single nonnegative number to a time series, where
larger values correspond to greater apparent process randomness and
Sampling Protocol smaller values correspond to more instances of recognizable patterns or

At 8 am after a 10-hour fast, a catheter (Venflon 17G/45 mm; BOC con3|ster1t features in t_he C!ata.
Ohmeda, Helsingborg, Sweden) was placed in an antecubital vein for _For this study, we primarily calculated ApEn vah_;eg for all data sets
frequent blood sampling. Sampling began 30 minutes later and contin}-’vlﬂ.1 m equal t_o L e_\nd equ_al 0 1.0 _standard de_V|at|qn (SD) of t_he
ued for 75 minutes. At baseline, blood for determination of free fatty |nd|.V|duaI SUDJeCt. t”'.”e series, applied to the first-differenced time
acid (FFA) and hemoglobin A (in diabetics) was obtained. The total sezeszagglrei;jy !n;jlcat'e\ld. HO\;ygver,twe alshotlpsediJes_ of ;DS .'3‘
dead space in the cannula and the 3-way stopcock (Connecta; BO : (vi em ra). ormalizing fo each fime series gives
Ohmeda) was 0.38 mL. The catheter was perfused with saline (0.9% pEn a translation and scale invariance to the absolute serum concen-
1.0 mU/min). For the determination of insulin and plasma glucose trations2! Multiple previous studies that included both theoretic anal-
blood was collected every minute as follows. Twenty seconds befor’@.ys_ism.zz28 and clinical applicatior$ 2222 have demonstrated that ap-
sampling, the saline infusion was stopped and 0.5 mL blood wasDllcatlons of ApEn with m equal to 1 produce good stafistical
Withdrawﬁ and discarded. Erom time5 to +5 seconds. 1.5 mL blood reproducibility for ApEn for time series of the length analyzed herein.
was removed at a constant rate with a 2-mL syringe. Then, the salin(-erhe _ChO'Ce of ar V‘?Iu? of ;'0 t?D prowd_ef a coarfstﬁ_r-scalﬁ (macrq-
infusion was repeated until 20 seconds prior to the next sampling. ThissCOP'c) assessment of subpattern persistence within a ime series,

sampling procedure has been previously evaluated by our group, an;gh"e m_other sgttmgs, group d_|fferences are more pronounced at a
the so-called biologic variation was less than 2%. iner (microscopic) level, eg, with a parameter choicer agfqual to
.2 SD20.22.23

Further technical discussion of the mathematic and statistical prop-
erties of ApEn, including robustness to noise and artifacts, mesh
The plasma glucose level was measured in duplicate shortly aftemterplay, relative consistency of (r),pair choices, asymptotic nor-
sampling (Beckman Instruments, Palo Alto, CA). Circulating insulin mality under general assumptions, statistical bias, and error estimation
concentrations were measured in duplicate by enzyme-linked immufor general processes, can be found elsewket&28To develop a more
nosorbent assay using a 2-site immunoaSs#yat does not detect intuitive, physiologic understanding of the ApEn definition, a multistep
proinsulin or split(32-33)- and des(31-32)-proinsulin. Split(65-66)- and description of its typical algorithmic implementation, with figures, was
des(64-65)-proinsulin cross-react 30% and 63%, respectively. The minalso developed’ As well, Fig 1 in Schmitz et & provides a schematic
imal detection limit was 5 pmol/L. The intraassay coefficient of vari- diagram of the core comparisons in the ApEn calculation.
ation was 2.8% and 2.4% at concentrations of 150 and 350 pmol/L,
respectively. FFA was determined by a colorimetric method using aAutocorrelation
commercial kit (Wako Chemicals, Neuss, Germany).

Assays

Autocorrelation analysis was performed on the individual time series
. with and without prior smoothing to detect high-frequency pulsatility
Analytic Strategy (SPSS version 8.0; SPSS, Chicago, IL). By autocorrelation analysis, the

Although the mean circulating glucose and insulin apparently obtained data are correlated to duplicate data lagged by 1-min intervals.
showed no trend during the 75-minute sampling period, there wereBy definition, the autocorrelation coefficient at time lag 0 minutes is 1.
considerable individual long-term trends in serum insulin presumablyBy displacement of the time series, the copy gradually becomes out of
due to ultradian oscillations. To improve the identification of short-term phase and the correlation declines and becomes negative. If the time
oscillations, these trends were removed by first-differencing. This is aseries shows regular oscillations, the copy will subsequently move back
standard statistical method to stationarize time s&rsd it is appli- into phase by further displacement, resulting in a positive autocorrela-
cable to a broad class of models. Furthermore, in differencing, episodition. An autocorrelation coefficient was considered significant if the
versus random distinctions present in the original data set are mostljirst positive peak after the first trough exceeded the 95% confidence
retained. By analyzing the first-differenced process, considerable basénterval, or if the autocorrelogram had a sinusoidal shape and one of the
line information of possible significance may be discarded. However,subsequent peaks exceeded the confidence interval. To determine the
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frequency of oscillations by autocorrelation, data from the subjects

were pooled. Autocorrelation coefficients (m) were transformed to Z

values by Fisher’s Z transformation; the mean value was calculated and
transformed to m values by the inverse procedure.

Statistical Analysis

olfl)

Results are expressed as the mea8E. The statistical significance
of differences between groups was evaluated by Student's 2-'tailedE
unpairedt test or the Mann-Whitney rank sum test when data were not =
normally distributed. Bivariate correlations between ApEn and the <(
BMI, age, plasma glucose, and serum FFA were tested using Speai:t
man’s rank order correlation. Differences were considered significant a
a P value less than .05.

RESULTS
0.2 ~

Clinical and Biochemical Characteristics ~
of the Study Groups

0.0 -
The diabetic group was older (on average, 13 years) and had v T . . T T .

a slightly higher BMI (on average, 1.4 kgfrthan the control 050 055 060 065 070 075  0.80
group (bothP < .01). Gender distribution did not differ be- :

tween the two groups. Fasting plasma glucose was=70D Approxumate Entropy
mg/dL in the diabetic group, compared with 3?)2 md/CiL I_n Fig 2. Relationship between approximate entropy of fasting se-
the controls P < .001). Hemoglobin A was 7.9%=* 0.5% in rum insulin time series and fasting serum FFA in 16 type 2 diabetics
the diabetic (normal range, 4.8% to 6.4%). Serum insulin(e, r = —.65, P < .01) and 15 controls (O, r = —.63, P = .01). The
tended to be higher in the diabetic group, but was not statistiregression lines are also shown.

cally significant (49+ 7 v 36 = 4 pmol/L, P = .10). Serum

FFA was elevated in the diabetic group compared with the

controls (0.794+ 0.083v 0.523 = 0.055 mmol/L,P = .01).

0.008,P = .04), indicating a more disorderly serum insulin
ApEn time series in the diabetic individuals (Fig 1). However, there

ApEn was significantly increased in type 2 diabetic subjectsV2S @ large overlap between the two groups. ApEn did not

(0.671+ 0.016) compared with the healthy controls (0.6563 differ among diabetics treated .solgly with digt versus oral
hypoglycemic agentd?(= .76). Bivariate correlation analyses

between ApEn and age, BMI, fasting plasma glucose, and
serum FFA showed that FFA was significantly (inversely)
related to ApEn in both controls & —.63,P = .01) and type

2 diabetics ( = —.65, P < .01) (Fig 2). There was no
relationship between ApEn and the BMI, age, and fasting
plasma glucose (aP > .40). The regularity of plasma glucose
in the diabetics and controls was comparable (0.583.004v
0.604 = 0.005,P = .73).

ApEn did not differ between the groups when applied to
serum insulin time series using the finer-scale assessments
(input parameter choice af = 50% and 20% SD, data not
shown). However, the inverse relationship between ApEn and
FFA was robust in the controls, being statistically significant at
minimumr values of 30% SD, whereas the relationship in type
2 diabetic individuals vanished atvalues less than 70% SD.
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Significant positive peaks of autocorrelation were observed
in a similar number of type 2 diabetic individuals and controls,
0.50 4 namely 3 of 16 and 3 of 15 participants in the two groups,
respectively. Calculations were also performed on time series
initially smoothed using a 3-point moving average and subse-
0.45 quently stationarized by differencing as described by O’Rahilly

) et al26 With this analytic strategy, the number of individuals

Fig1. Approximate entropy of fasting serum insulin time series in exhibiting significant positive autocorrelation increased in both

16 type 2 diabetics (®) and 15 controls (O). groups to 6 of 16 and 8 of 15 in the diabetic and control groups,
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respectively. However, there was no statistical difference bepeptide level (which does not undergo hepatic extraction) in 4
tween the groupsR = .78). of the time series, and found a strong relationship between
Figure 3 shows the pooled autocorrelation data for the conApEn on insulin time series and ApEn on C-peptide time series
trols and type 2 diabetics. The controls exhibited a significantr = +.88).
peak of regular oscillations at 11 minutes= .099,P = .01). Autocorrelation analyses also discriminated between groups,
Although the correlogram for diabetic individuals showed abut only when the data were pooled. Interestingly, pooled
pattern resembling a regular pulsatile pattern, the peaks did nautocorrelation data showed more frequent oscillations in the
exceed the confidence limits (at lag tirse7 minutesy = .043, diabetic group compared with the control groupv(Z1 min-

P = .14; at lag time= 15 minutesy = .050,P = .12). utes), thus confirming the early observations from Oxférd.
However, the number of individuals who presented a signifi-
DISCUSSION cant autocorrelation coefficient did not differ between the two

In parallel with an increased understanding of metabolicgroups.
oscillations in thes cell 2° there has been an increased interest A novel and unexpected observation in this study is the
in the high-frequency insulin release process. The current studinverse relationship between FFA and ApEn not only in the
used a very sensitive and specific insulin assay together witldiabetic individuals but also in the controls. Although it has
the ApEn algorithm to demonstrate that fasting serum insulinbeen recognized for years that an elevation of FFA concentra-
time series in type 2 diabetic patients are less regular than thogéns enhances the glucose-stimulated insulin resp¥isSey
in healthy individuals. Moreover, there was a reasonable senaumber of studies in rats34and humar®-37 during the past
sitivity and specificity with ApEn in separating controls from few years have emphasized the pivotal role of FFA-dependent
type 2 diabetics. At a cutoff point of 0.669 for ApEn, 12 of 16 insulin secretion in glucose-stimulated insulin secretion, which
diabetics exceeded this value, in contrast to only 4 of 15may be even more important for non—glucose-stimulated insu-
controls. It should be noted that the difference between groupfin secretior?® Prentki et &® have hypothesized that long-
was only present when a coarse-scale (macroscopic) assessiain fatty acyl-coenzyme A esters (LC-CoA) are among sev-
ment of subpattern persistence within the time series was useéral signals capable of modifyingrcell release of insulin in an

It may be argued that irregular peripherally sampled serunpscillatory manner, with a possibly permissive role for changes
insulin time series do not reflect disturbed insulin secretion buin intracellular calcium. Exogenous FFAs are activated to LC-
instead an irregular hepatic insulin extraction. However, thisCoA, which may exert significant actions on a variety of steps
argument is unlikely for two reasons. First, a study performedin B-cell metabolism, as shown mainly by Corkey’s grétg®
in dogs with portal cathetetslemonstrated that peripherally ~ While previous in vivo studies org-cell function have
collected insulin time series mirror the portal profiles not only focused on the influence of FFA on quantitative insulin secre-
in the fasting state but also in the postprandial state, with theion, the current report indicates (although indirectly) for the
latter characterized by changes in insulin and FFA. Second, tdirst time in humans that FFA furthermore could be an impor-
challenge the hypothesis, we also measured the plasma Gant regulator of the high-frequency pulsatile insulin release
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Fig 3. Pooled autocorrelograms of serum insulin time series in 15 healthy controls (A) and 16 type 2 diabetics (B) following 3-point
moving-average and first-differencing. Controls exhibited a peak of regular oscillatory activity every 11 minutes, whereas the diabetics tended
to maintain peaks every 7 and 15 minutes. (- - -) 95% confidence intervals for a null hypothesis of no significant autocorrelation.
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process in overnight-fasted individuals in conditions with ele- In contrast to the study by Meneilly et?dlalso using ApEn
vated FFAs and in healthy subjects. However, our observationsn insulin time series, we did not demonstrate an association
do not allow us to exclude FFA as a surrogate measure for othesetween the disorderly insulin secretory pattern and age. How-
yet undefined key modulators of oscillatory insulin release. ever, the present study was not designed to detect a possible
The diabetic patients in the current study had only a moderage-dependent influence on insulin secretion. Our participants
ate elevation of serum FFA. It is possible that a more pro-had a mean age of 40 years (controls) and 53 years (type 2
nounced exposure to FFA for a longer period, which would gigpetics), a small distinction, in contrast to the aforementioned

presumably result in triglyceride accumulation fhcells#t study which examined groups with a mean age of 24 and 77
would abolish or invert the reciprocal relationship between theyears respectively.

oscillatory pattern of insulin time series and circulating FFA.

P FFA ) v related to ADEN. Si FF In conclusion, the present study demonstrates that overnight-
erum "EA was Inversely re ated to Ap n. Since serum asted type 2 diabetic individuals treated with diet solely or oral
was significantly increased in the type 2 diabetics compare

. : . lycemi nts display irregular high-fr ncy insulin
with the controls, the difference in ApEn between the two yppg yce ¢ agents display irregula _g eque_ cy Insu
. oscillations, as assessed by autocorrelation analysis and for the
groups, when adjusted for FFA, would be even larger. Al- .~ " . . o
first time by irregularity analysis via the complementary ApEn

though the study cohorts were not matched in terms of age,

BMI, and plasma glucose (per definition), there was not s‘Oalgorithm. The latter may represent an important new tool in

much as a trend for a relationship between these variables arfi@ntifying the control op-cell function in health and disease.
ApEN (in the diabetic groupP = .86, .79, and .47, respec- No relationship was found between the disorderly serum insu-
tively). This strongly suggests that other factors, possibly in-in time series and the level of glycemia, but an inverse rela-
cluding genetic influences, may be responsible for the greatelionship was found between serum FFA and irregularity in both
irregularity of insulin oscillations in diabetic individuals. A the controls and the diabetics. Itis tempting to suggest that after
genetic contribution to the augmented disorderliness in thedn overnight fast, FFA has a regulatory and stabilizing influ-
diabetic group would be in line with a previous stéglyn ence on the pulsatile insulin release process. This possibility
healthy first-degree relatives of type 2 diabetics, who exhibitedand its physiologic relevance should be further explored in
an increased irregularity in glucose-stimulated insulin timestudies in which serum FFA can be modulated experimentally.
series. Furthermore, it is of interest to note that Paolissc®eét al

have demonstrated that reducing plasma FFA levels in first-

degree relatives of type 2 diabetics leads to an improvement of ACKNOWLEDGMENT
the acute insulin response, while it is apparently suppressed in The expert technical assistance of Annette Mengel, Elsebeth Horne-
other subject8s:36 mann, and Lene Trudsoe is greatly appreciated.
REFERENCES

1. Yalow R, Berson S: Immunoassay of endogenous plasma insulirexposure to a constant glucose concentration. J Clin Invest 65:939-942,
in man. J Clin Invest 39:1157-1175, 1960 1980

2. Leahy JL: Natural history of beta-cell dysfunction in NIDDM. 12. Shapiro ET, Tillil H, Polonsky KS, et al: Oscillations in insulin
Diabetes Care 13:992-1010, 1990 secretion during constant glucose infusion in normal man: Relationship

3. Porte DJ: Beta-cells in type Il diabetes mellitus. Diabetes 40:166-t0 changes in plasma glucose. J Clin Endocrinol Metab 67:307-314,
180, 1991 1988

4. Polonsky KS, Sturis J, Bell GI: Non-insulin-dependent diabetes 13. Matthews DR, Naylor BA, Jones RG, et al: Pulsatile insulin has
mellitus—A genetically programmed failure of the beta cell to com- greater hypoglycemic effect than continuous delivery. Diabetes 32:617-
pensate for insulin resistance. N Engl J Med 334:777-783, 1996 621, 1983

5. Kahn SE: Regulation of beta cell function in vivo. From healthto  14. Paolisso G, Sgambato S, Passariello N, et al: Greater efficacy of
disease. Diabetes Rev 4:372-389, 1996 pulsatile insulin in type | diabetics critically depends on plasma glu-

6. Goodner CJ, Walike BC, Koerker DJ, et al: Insulin, glucagon, andcagon levels. Diabetes 36:566-570, 1987
glucose exhibit synchronous, sustained oscillations in fasting monkeys. 15. Schmitz O, Arnfred J, Nielsen OH, et al: Glucose uptake and
Science 195:177-179, 1977 pulsatile insulin infusion: Euglycaemic clamp and33}glucose stud

7. Lang DA, Matthews DR, Peto J, et al: Cyclic oscillations of basal ies in healthy subjects. Acta Endocrinol (Copenh) 113:559-563, 1986
plasma glucose and insulin concentrations in human beings. N Engl 16. Lang DA, Matthews DR, Burnett M, et al: Brief, irregular
J Med 301:1023-1027, 1979 oscillations of basal plasma insulin and glucose concentrations in

8. Porksen N, Munn S, Steers J, et al: Pulsatile insulin secretiordiabetic man. Diabetes 30:435-439, 1981
accounts for 70% of total insulin secretion during fasting. Am J Physiol 17. Andersen L, Dinesen B, Jorgensen PN, et al: Enzyme immuno-
269:E478-E488, 1995 assay for intact human insulin in serum or plasma. Clin Chem 39:578-

9. Porksen N, Nyholm B, Veldhuis JD, et al: In humans at least 75%582, 1993
of insulin secretion arises from punctuated insulin secretory bursts. 18. Pincus SM: Approximate entropy as a measure of system com-
Am J Physiol 273:E908-E914, 1997 plexity. Proc Natl Acad Sci USA 88:2297-2301, 1991

10. Polonsky KS, Given BD, Van Cauter E: Twenty-four-hour pro-  19. Pincus SM, Singer B: Randomness and degrees of irregularity.
files and pulsatile patterns of insulin secretion in normal and obesé’roc Natl Acad Sci USA 93:2083-2088, 1996
subjects. J Clin Invest 81:442-448, 1988 20. Pincus SM, Padmanabhan V, Lemon W, et al: Follicle-stimu-

11. Stagner JI, Samols E, Weir GC: Sustained oscillations of insulin Jlating hormone is secreted more irregularly than luteinizing hormone in
glucagon, and somatostatin from the isolated canine pancreas duringoth humans and sheep. J Clin Invest 101:1318-1324, 1998



46 SCHMITZ ET AL

21. Pincus SM, Keefe DL: Quantification of hormone pulsatility via  32. Stein DT, Esser V, Stevenson BE, et al: Essentiality of circu-
an approximate entropy algorithm. Am J Physiol 262:E741-E754, 1992ating fatty acids for glucose-stimulated insulin secretion in the fasted
22. Meneilly GS, Ryan AS, Veldhuis JD, et al: Increased disorder-rat. J Clin Invest 97:2728-2735, 1996
liness of basal insulin release, attenuated insulin secretory burst mass, 33. Stein DT, Stevenson BE, Chester MW, et al: The insulinotropic
and reduced ultradian rhythmicity of insulin secretion in older individ- potency of fatty acids is influenced profoundly by their chain length
uals. J Clin Endocrinol Metab 82:4088-4093, 1997 and degree of saturation. J Clin Invest 100:398-403, 1997
23. Schmitz O, Porksen N, Nyholm B, et al: Disorderly and non- 34. Dobbins RL, Chester MW, Stevenson BE, et al: A fatty acid—
stationary insulin secretion in relatives of patients with NIDDM. Am J dependent step is critically important for both glucose- and non-
Physiol 272:E218-E226, 1997 glucose-stimulated insulin secretion. J Clin Invest 101:2370-2376,
24. Pincus SM, Mulligan T, Iranmanesh A, et al: Older males 1998
secrete luteinizing hormone and testosterone more irregularly, and 35. Boden G, Chen X, Igbal N: Acute lowering of plasma fatty acids
jointly more asynchronously, than younger males. Proc Natl Acad Scilowers basal insulin secretion in diabetic and nondiabetic subjects.

USA 93:14100-14105, 1996 Diabetes 47:1609-1612, 1998
25. Chatfield C: The Analysis of Time Series: An Introduction (ed  36. Dobbins RL, Chester MW, Daniels MB, et al: Circulating fatty
5). London, UK, Chapman & Hall, 1996 acids are essential for efficient glucose-stimulated insulin secretion

26. O'Rahilly S, Turner RC, Matthews DR: Impaired pulsatile se- after prolonged fasting in humans. Diabetes 47:1613-1618, 1998
cretion of insulin in relatives of patients with non—insulin-dependent 37. Paolisso G, Tagliamonte MR, Rizzo MR, et al: Lowering fatty
diabetes. N Engl J Med 318:1225-1230, 1988 acids potentiates acute insulin response in first degree relatives of

27. Pincus SM, Goldberger AL: Physiological time-series analysis:people with type Il diabetes. Diabetologia 41:1127-1132, 1998
What does regularity quantify? Am J Physiol 266:H1643-H1656, 1994 38. McGarry JD, Dobbins RL: Fatty acids, lipotoxicity and insulin

28. Pincus SM, Huang W: Approximate entropy: Statistical proper- secretion. Diabetologia 42:128-138, 1999
ties and applications. Commun Stat Theory Methods 21:3061-3077, 39. Prentki M, Vischer S, Glennon MC, et al: Malonyl-CoA and
1992 long chain acyl-CoA esters as metabolic coupling factors in nutrient-

29. Tornheim K: Are metabolic oscillations responsible for normal induced insulin secretion. J Biol Chem 267:5802-5810, 1992
oscillatory insulin secretion? Diabetes 46:1375-1380, 1997 40. Bjorklund A, Yaney G, McGarry JD, et al: Fatty acids and

30. Balasse EO, Ooms HA: Role of plasma free fatty acids in thebeta-cell function. Diabetologia 40:B21-B26, 1997 (suppl 3)
control of insulin secretion in man. Diabetologia 9:145-151, 1973 41. Unger RH: Lipotoxicity in the pathogenesis of obesity-depen-

31. Boden G: Role of fatty acids in the pathogenesis of insulin dent NIDDM. Genetic and clinical implications. Diabetes 44:863-870,
resistance and NIDDM. Diabetes 46:3-10, 1997 1995



