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Insulins: Is Clamp Technology Fit
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The euglycemic glucose clamp was ﬁrst used to assess the new human insulins in
the early 1980s by comparing pharmacodynamics (PD) of square-wave intravenous infusions in terms of the clamp glucose infusion rate (1). Shortly afterward,
the technique was adapted to study the proﬁle of action of subcutaneously injected insulin (2) and in people with type 1 diabetes rather than people without
diabetes. One major advantage of the clamp is that it allows the study at the same
time of both the pharmacokinetics (PK), the plasma concentration absorption
proﬁle of injected insulin, and PD in terms of measures such as onset, peak,
peak:trough ratio, duration, and area under the curve (Table 1). Attractively, the
time-action proﬁles can be visualized. Although initially used for mealtime insulins, the technique was soon applied to extended-acting insulins, comparing insulinaction proﬁles of nominally similar insulins (NPH preparations) from different
manufacturers (3).
Mealtime insulins can be compared, to a useful extent, in people with type 1
diabetes (C-peptide negative) using standardized or usual meals on a background of
steady-state basal insulin or infusion (4). Such an option is not available for longacting insulins, so glucose clamp studies are particularly important for assessing and
comparing these. Thus, while general guidelines for comparing a biosimilar medication (a copy) with the original product emphasize PK/PD studies (5,6), speciﬁc
guidelines for insulin as drawn up by the European regulators go into considerable
detail on glucose clamp studies (7). In this issue of Diabetes Care, Linnebjerg et al.
(8), in an article comparing the Lilly glargine preparation to the reference Sanoﬁ
glargine, report three glucose clamp studies in people without diabetes. Additionally, studies have been performed in people with type 1 diabetes and to assess dose
ranging (9,10).
Although we have three decades of experience in the techniques used, debate
still rages on methodology and interpretation of the datadindeed for both the PK
and PD ﬁndings. Some of the issues are discussed in the article by Swinnen et al. (11),
written after experts in the ﬁeld failed to reach consensus over methodology, and
some advantages and issues are listed in Table 1.
The PK issues are perhaps the more surprising. What could be easier than measuring insulin concentrations after injection for 24 h or more while fasting, indeed
even in the absence of a clamp? But ﬁrst, if people without diabetes are studied (or
more problematically those with type 2 diabetes), then allowance has to be made
for changing endogenous insulin secretion. Insulin:C-peptide ratios are usually used
for this purpose, referenced to the preinjection baseline ratio. Although C-peptide
has a much longer plasma half-life (20 min) than insulin (4 min), this approach will
generally remain valid, provided the clamp is of good quality (absence of rapid upand-down glucose concentration excursions changing the stimulus to endogenous
secretion) (Table 1) (12). However in the study by Linnebjerg et al. (8), while the
mean PK proﬁles are identical between the insulins despite high variance at all time
points, the recorded proﬁle is not credible, jumping from zero (before injection) to
half maximum in just 30 min, very different from what is expected for insulin
glargine (13). This unexplained bias probably continues for the full 24 h of study,
as the levels at 24 h are higher than might be expected from our knowledge of the
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Table 1—Some glucose clamp advantages and limitations in the study of
subcutaneous injection proﬁles of insulin preparations
Advantages
Ability to study PK and PD together and understand relationships
Ability to study PK without possible disturbance of subcutaneous absorption by adrenergic
hormone release through hypoglycemia
Ability to study PD without disturbance of glucose dynamics from counterregulatory
hormone changes or concentration-driven changes in glucose disposal (glucose uptake
and urinary glucose disposal)
Ability to study PD without disturbance of hepatic autoregulation of glucose production
Disadvantages
The technique requires research skills, in particular if conducted in people with type 1
diabetes.
Insulin given to correct or maintain prior blood glucose control will continue to have
measurable action for around 1.5 h.
In type 1 diabetes, management of change from prior insulin (usually intravenous) can be
problematic and interferes with interpretation of PK until about 0.5 h after this can be
discontinued (unless a speciﬁc insulin assay is available) and with PD for about 1.5 h (due
to half-time of insulin action).
In type 1 diabetes, when loss of action of the studied insulin occurs at end of clamp, insulin
must be given or glucose levels left to rise above clamp levels, both options interfering
with interpretation of PD and the former with PK (unless a speciﬁc insulin assay is
available).
In people without diabetes and people with type 2 diabetes, clamp conduct must be good to
prevent stimulation of endogenous insulin secretion.
C-peptide measurements can be used to correct for gradual changes in endogenous insulin
secretion, but the long plasma half-life of C-peptide (20 min) means this is problematic for
studies of faster-acting insulins and that it cannot correct for rapid changes due to poor
clamp technique, while in type 2 diabetes, proinsulin (which cross-reacts in many
C-peptide assays) poses additional interpretation problems.
PD (glucose infusion rate) estimation has higher variance than insulin concentration (PK)
and, in particular, in type 1 diabetes often needs smoothing algorithms for determination
of proﬁles.
In studies of long-acting insulins, the metabolic state is increasingly that of fasting/
starvation (glucose infusion rate is low), so the metabolic state changes with time
(notably hepatic glucose output); the clamp level, if constant, deviates from physiological
levels, and the glucose infusion rate is then artifactually disturbed.
In studies of long-acting insulins, even with larger doses, plasma insulin levels at the
beginning and end of the studies are around the LLoQ of the assay and indeed often so in
some individuals for long periods: statistical handling of such undetectable levels can
create very large changes and uncertainties in the shape of the published proﬁle.
In people with type 1 diabetes and people with type 2 diabetes exposed to insulin, insulin
antibody–bound insulin will interfere with interpretation of insulin assays; the
interference can be erratic and result in high variance of measured levels.

insulin effect in clinical practice. Some
of the problem here may be that many
of the measurements made are below
the lower level of quantiﬁcation (LLoQ)
of the insulin assay, and indeed the
mean level at many time points is just
twice that level. The authors imputed a
level of half the LLoQ for any result below it and then discarded any result
where the endogenous component calculated from C-peptide resulted in negative ﬁndings for insulin glargine. These
actions would certainly bias the ﬁndings
throughout the proﬁle in unpredictable
ways, mostly at the start and end of the
clamp, the periods of most interest.
This might seem to point to an advantage for clamps in people with type 1

diabetes. Unfortunately, this is not the
case. Initially and for some hours thereafter people with no endogenous insulin
secretion need a tapering insulin infusion to maintain glucose control while
absorption of the long-acting insulin begins (Table 1) (14), and this again becomes true late in the clamp in at least
some individuals (although some researchers allow hyperglycemia to develop at this point). Furthermore, even
low levels of insulin antibodies can interfere with the insulin assays, and perhaps it is this problem that led to the
very erratic ﬁndings in the Lilly type 1
diabetes biosimilar clamp studies of
very wide CIs on the PK data between
insulins essentially making the assay

data noncontributory to the assessment of biosimilarity (9,10).
The problem of the need for exogenous insulin at the start and end of the
clamps in people with type 1 diabetes
also bugs the glucose infusion (PD)
data (Table 1). As noted above, some
researchers have not given extra insulin
at those times, but the developing hyperglycemia then means the remaining
glucose-lowering effect of the studied
insulin is not quantiﬁed, being counted
as zero or even censored (14). Furthermore, the lack of endogenous insulin secretion means glucose lowering throughout
the clamp is more variable, as it is in type 1
diabetes in clinical practice, again adding to statistical uncertainty and resulting in 95% CIs of ‒54 to 30% for ratio of
total glucose infused during the clamp
in the Lilly studies (9,10). Furthermore,
insulin action in the critical period for
extended-acting insulins (18–24 h) will
be abnormal in people essentially fasted
for that time, meaning the absolute
clamp glucose infusion rates will not be a
reliable reﬂection of the glucose-lowering
efﬁcacy of the studied insulin at those
times (Table 1).
So do the clamps in normal people
give conﬁdence that Lilly and Sanoﬁ insulin glargine are clinically similar? For
the metrics that probably matter to people with diabetes and clinicians (namely,
comparative efﬁcacy at 24 h from injection and the ratio of peak:24-h PK and
PD), no data are given, but the published
proﬁles are visually reassuring. The summary data that are given, for example,
24-h area under the curve, are not very
helpfuldit could be similar for insulins
with very different time-action proﬁles.
But even those data do suggest the clamps
can only perform to 95% conﬁdence limits of about 610%, and sometimes much
worse (8,10). Clinicians will need to ask
themselves whether they are happy that
nominally similar (“biosimilar”) insulins
could be different by 10%, particularly
if substitution within the individual person with diabetes is contemplated or
mandated.
Fortunately for the Lilly insulin glargine, other information is available, including clinical studies that ascertained
other metrics of clinical importance,
such as fasting plasma glucose and hypoglycemia incidence. It is that complete package of data that lends
credence to Lilly’s claim of biosimilarity
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rather than the clamp data in isolation
(10,15).
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