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Abstract

Aims Hemoglobin Alc (HbAlc) has been repeatedly questioned as a valid surrogate marker, especially for patient-relevant
outcomes. The aim of this study was to validate the HbAlc value as a surrogate for all-cause mortality in people with type
2 diabetes.

Methods The effect estimates for HbA1c lowering after treatment as well as reductions in all-cause mortality of randomized
trials were extracted from a systematic review and updated. For the measurement of actual surrogacy, weighted linear regres-
sion models with a random intercept for the study effect were used with the all-cause mortality estimate (risk difference and
log relative risk) as the outcome and the estimate for HbA 1c difference as the covariate. Surrogacy was assessed according
to the criteria of Daniels and Hughes.

Results A total of 346 HbA1c-mortality-pairs from 205 single randomized trials were included in the analysis. Regarding
the risk difference of all-cause mortality, there was no evidence for surrogacy of the HbA 1c value. For the log relative risk,
a small positive association between HbA1c and the all-cause mortality estimate (slope 0.129 [95% confidence interval
—0.043; 0.302]) was observed. However, there was no sign of valid surrogacy.

Conclusions Based on the results of more than 200 randomized trials, HbAlc is not a valid surrogate marker for all-cause
mortality in people with type 2 diabetes.
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Introduction

Between 2003 and 2012, all 26 trials for diabetes treatment
that led to approval by the FDA used the surrogate marker
HbAlc as the primary efficacy endpoint [1]. In seven of
these trials, the rationale for using HbAlc as a surrogate
was discussed, and three of them justified using it because
the respective evidence “corresponds to the highest level
of evidence for surrogacy using the ICH-9 (International
Council for Harmonization of Technical Requirements for
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Pharmaceuticals for Human Use) criteria” [1].

However, HbAlc has also been repeatedly questioned as
a valid surrogate marker. While it is widely accepted that
hyperglycemia as measured by HbAlc is a risk factor for
macro-and microvascular diabetes complications, this does
not necessarily mean that actively lowering HbAlc also
comes with benefits in clinical and patient-relevant out-
comes. For example, there were a number of glucose-low-
ering drugs that had been retracted from the market (troglita-
zone [2], muraglitazar [3], or rosiglitazone [4]) due to severe
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clinical adverse events, although their glucose-lowering
effect was without doubt and proven in well-conducted rand-
omized trials [5, 6]. Interestingly, we also found the opposite
case [5] where a glucose-lowering drug (metformin) with a
rather modest effect in terms of HbAlc decrease yields an
unexpectedly large cardiovascular benefit and is currently
even considered an anti-aging treatment [7].

In addition, randomized trials that assessed intensified
glycemic control strategies targeting fixed HbAlc levels
(ACCORD [8], ADVANCE [9], VADT [10]) did not show
convincing results for all clinical outcomes. Instead, there
were signals for increased rates of severe hypoglycemia or
all-cause mortality [5, 6].

Systematic empirical evidence on the surrogate validity
of HbAlc for patient-relevant outcomes is scarce. Indeed,
we are only aware of two meta-analyses that assessed the
surrogacy for all-cause and cardiovascular mortality or clini-
cal outcomes as primary endpoints [11, 12].

From a methodological point of view, the ICH Harmo-
nized Tripartite Guideline on “Statistical Principles for Clin-
ical Trials” [13] requests for a surrogate endpoint to be valid
that (1) the surrogate is a prognostic marker for the clini-
cal outcome in epidemiological studies and (2) treatment
effects on the surrogate reliably predict treatment effects on
the clinical outcome. With respect to (2) Daniels and Hughes
[14] further operationalized this requirement and proposed
to investigate whether when regressing the surrogate on the
clinical outcome, (2a) the slope of the regression line should
be different from zero, (2b) the intercept from the regres-
sion should be zero (otherwise, a treatment difference on
the clinical scale would correspond with the absence of a
treatment effect on the surrogate scale), and (2c) the correla-
tion between surrogate effects and clinical outcome effects
should be 1.

There is solid evidence for the prognostic value of HbAlc
for all-cause mortality from epidemiological studies, which
had already been collected in a large systematic review [15].
But the results of randomized trials have hardly been sum-
marized with this question in mind. Rivera et al. recently
reported the results of a systematic review of randomized
trials with trial-level meta-analysis. They found no evidence
to support the use of HbAlc as a surrogate for all-cause
mortality in people with type 2 diabetes [12]. However, the
restrictive, somewhat arbitrary inclusion criteria (at least
1000 participants and 20 events of clinical outcomes per
trial, follow-up and/or duration of intervention of at least
52 weeks) in the meta-analysis on all-cause mortality led
to the inclusion of only 19 cardiovascular outcome trials
(CVOT) compromising the representativeness of the results.
Moreover, solely the correlation between HbAlc and all-
cause mortality, i.e., our criterion 2c, was used to assess sur-
rogacy. Therefore, we present here an in-depth investigation
of the validity of HbAlc in terms of the criteria of Daniels

@ Springer

and Hughes [14] and systematically compare the treatment
effects on HbAlc and the all-cause mortality scale as avail-
able from a large number of randomized trials.

Methods

In terms of available trials, we relied on the systematic
review of Palmer et al. [16] which included parallel-group
randomized clinical trials that compared two individual
glucose-lowering drug classes or placebo for the treatment
of type 2 diabetes and had been published up to March
2016. The available drug classes were metformin, sulfony-
lurea, thiazolidinedione, DPP-4 inhibitor, SGLT?2 inhibi-
tor, GLP-1 receptor agonist, basal insulin, meglitinide, and
a-glucosidase inhibitor. In addition, treatment had to be
given for at least 24 weeks.

We obtained the full texts of all trials from the Palmer
review, and extracted the available information on all-cause
mortality, HbAlc at baseline and after treatment, and further
description on drugs, sample sizes, and baseline character-
istics of the trial populations. Extraction was performed by
a single reviewer (W.S.), and double-checked by a second
(T.F. or A.L.), remaining discrepancies were discussed with
a fourth reviewer (O.K.) until consensus was reached. In
addition, we validated our results by referring to the respec-
tive figures in the online supplement of Palmer et al. Numer-
ical information from graphical displays was extracted by
using WebPlotDigitizer, version 4.2 [17].

To achieve the most recent information from all trials, we
also contacted the corresponding authors per email (plus a
single reminder email after three to seven weeks) and asked
for follow-up studies or additional information on all-cause
mortality.

Furthermore, we performed citation tracking and down-
loaded all citations of all randomized trials from the Web
of Science (http://www.isiknowledge.com) between August
and November 2017. These citations (plus their abstracts)
were searched for the name of the first author of the respec-
tive trial or the term “follow-up” to find additional follow-up
information.

As the study does not include personalized, but only pub-
lication-based data, we did not seek for a vote of an ethics
committee.

For studies with more than two treatment groups, we
defined a reference group (if present the placebo group, in
other cases the group with a lower dosage, the group with
the more established, older treatment, or the group with the
lower number of treatments for combination therapies), and
computed effect estimates for each group in comparison to
this reference group. As such, more than one pair of HbAlc
and all-cause mortality treatment effects could originate
from a single trial.
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Information on HbAlc was available in various forms
at baseline and after treatment (mean or change from
baseline, standard deviations, standard errors, confidence
intervals (CI), p-values, etc.), and we used the recommen-
dations of the Cochrane collaboration [18] to arrive at a
treatment effect estimator for HbAlc and its corresponding
standard error. In any case, we always used the baseline
information to adjust the HbAlc effect for baseline differ-
ences and give the final treatment effect for HbAlc as a
difference. For this task, we also had to use a single multi-
ple imputation step to impute 8% of missing values for the
HbA Ic standard error. If information on follow-up studies
was available, we always used this one and discarded the
results from the original publication.

To measure the treatment effect in terms of all-cause
mortality, we computed risk differences (RD) as well as
log relative risks (LogRR). As there were numerous trials
without any observed deaths, for which case the relative
risk is undefined in its standard form, we estimated the
LogRR by using the median-unbiased estimation principle
as proposed by Carter et al. [19]

For analysis, we only included trials that had informa-
tion on treatment effects for HbA1c as well as for all-cause
mortality. HbAlc differences as well as RD and LogRR
for all-cause mortality were scaled so that a negative value
indicates a benefit for the experimental treatment.

To measure actual surrogacy, we computed weighted
linear regression models with a random intercept for the
study effect. The all-cause mortality estimate was defined
as the outcome in these models and the estimate for HbAlc
difference as a fixed effect covariate. To account for the
fact that estimates were assessed with different preci-
sions, we referred to the standard idea of inverse-variance
weighting and used the inverse of the estimation variance
of the HbA 1c difference as a weighting factor in the analy-
sis. We ignored the differing estimation uncertainty in the
all-cause mortality estimates because those estimates and
their estimation variances originate from very low num-
bers of events, and we foresaw extreme weights potentially
compromising the analysis. By using a random intercept
term for the study effect, we adjusted for the fact that some
pairs of effect estimates originate from the same trials and
are therefore expected to be correlated. Then we assessed
whether surrogacy was moderated by the baseline proper-
ties of the trials’ samples. We fitted separate models with
an additional interaction term of the HbA 1c difference and
trial size, age at baseline, percentage of males, duration
of diabetes, HbAlc at baseline, BMI at baseline, or trial
duration. Finally, we determined the correlation between
HbAlc difference and all-cause mortality by Pearson's
correlation coefficient and the related 95% CI (Fisher).
All analyses were conducted with SAS, version 9.4 (SAS
Institute, Cary, NC, USA).

Table 1 Results from the weighted linear regression and weighted
correlation analysis with respect to the surrogacy criteria as given by
Daniels and Hughes [14]

Parameter Estimate 95% Confidence interval
Risk difference

Slope (Crit. 2a) —-0.031% [ 0.179%; 0.117%]
Intercept (Crit. 2b) 0.036% [— 0.076%; 0.148%]
Correlation (Crit. 2¢) —0.089 [— 0.232; 0.060]

Log relative risk

Slope (Crit. 2a) 0.129 [— 0.043; 0.302]
Intercept (Crit. 2b) 0.022 [—0.125;0.170]
Correlation (Crit. 2¢) —-0.010 [—0.145;0.134]

The parameter estimates and the respective 95% confidence intervals
are given

Results

We achieved the full texts of 297 trials. Two trials from
the Palmer sample were not eligible due to language rea-
sons, three due to logistic reasons, and one trial had been
retracted. In terms of gaining additional mortality informa-
tion, we contacted the corresponding author of 243 trials,
and achieved 63 (corresponding to 26%) responses. Citation
tracking via “Web of Science” could be performed for 288
RCTs.

For the final analysis, we were able to use 346 pairs
(i.e., with information on the treatment effect for HbAlc
as well as for all-cause mortality) of effect estimates from
205 single trials. Follow-up information could be included
for 20 pairs from 13 trials. The 346 pairs of effect estimates
were informed by 361 deaths from 122,245 observations,
the mean (median) trial duration was 41 (26) weeks, and
120 pairs originated from observation periods of one year
or longer.

The mean/median HbA 1c difference across the 346 esti-
mates was — 0.488/— 0.500%-points) (corresponding to
— 5/— 5 mmol/mol), and 277 HbA 1c differences were smaller
than zero, indicating that experimental treatments in general
led to larger benefits in glucose lowering. The mean/median
RD was 0.001/0%-points, and the mean/median LogRR was
— 0.036/— 0.006, indicating the absence of benefit for the
experimental treatment in terms of all-cause mortality.

In Table 1 and Fig. 1, we provide the results from the
weighted linear regression models. In terms of the RD, there
was no association between HbAlc and the mortality effect
and the narrow 95% Cls definitely excluded all clinically use-
ful values for surrogacy. Regarding the LogRR, there was a
small positive association, but the large 95% CI potentially
also allows for negative association, so there is also no clear
sign of valid surrogacy. The interaction analyses indicated no
evidence of effect moderation (Table 2). To conclude, none of
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the three surrogate criteria of Daniels and Hughes was met,
both in terms of the RD and the LogRR.
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Discussion

With reference to the surrogacy criteria of Daniels and
Hughes [14], HbAlc is no valid surrogate marker for all-
cause mortality in diabetes research. This result was found
in a meta-analysis including 346 pairs of effect estimates
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Table 2 Results from the subgroup analyses to assess whether surro-
gacy was moderated by baseline properties of the trials’ sample mod-
els

Parameter (Interaction of  Estimate 95% Confidence interval
HbA 1c difference and ...)

Risk difference

Sample size 0.00054%  [— 0.00017%; 0.00124%)]
Age at baseline —0.01501% [— 0.05964%; 0.02962%]
Percentage of males —0.00422% [ 0.01977%; 0.01133%]
Duration of diabetes —0.00317% [— 0.03803%; 0.03169%]
HbA Ic at baseline —0.07969% [— 0.39406%; 0.23469%]
BMI at baseline 0.00407%  [— 0.03300%; 0.04114%)]
Trial duration —0.00274% [— 0.01123%; 0.00575%]
Log relative risk

Sample size 0.0004 [— 0.0004; 0.0013]

Age at baseline —0.0038 [— 0.0514; 0.0438]
Percentage of males —0.0115 [— 0.0236; 0.0006]
Duration of diabetes 0.0125 [— 0.0458; 0.0707]
HbA Ic at baseline —0.1341 [— 0.3676; 0.0994]

BMI at baseline —0.0176 [—0.0719; 0.0367]

Trial duration —0.0058 [— 0.0145; 0.0029]

The parameter estimates (with 95% confidence interval) of the inter-
action term of the HbAlc difference with the respective potential
moderators are given

from 205 different randomized trials that assessed a multi-
tude of pharmacological treatments for type 2 diabetes and
was informed by more than 120,000 observations.

Comparison with previous findings

The LogRR estimated in our study (0.129 [95% CI — 0.043;
0.302]) is in good accordance with previous work from a
smaller sample where the log odds ratio (LogOR) for all-
cause-mortality was 0.222 (standard error: 0.168, cor-
responding 95% CI [— 0.107; 0.551]) [11]. In addition,
LogRRs are closer to 0 than LogORs enhancing the simi-
larity of both results. Consistent with the recently published
meta-analysis by Rivera et al., we found no convincing evi-
dence for surrogacy of HbAlc in terms of mortality [12].
The differences in LogRRs and correlation coefficients
between the study by Rivera et al. (LogRR 0.320 [95%
CI — 0.151; 0.791]; Pearson's correlation coefficient 0.328
[— 0.148; 0.681]) and our present analysis (LogRR 0.129
[— 0.043; 0.302]; correlation — 0.010 [— 0.145; 0.134])
might be attributable to methodological differences, differ-
ences in the inclusion criteria or publication periods of the
trials. Our results furthermore correspond with common
observations from clinical and regulatory reality [5, 6].

In contrast, in a current systematic review with meta-
analysis a decrease in the incidence of major adverse car-
diac events (MACE) including cardiovascular deaths on

various antidiabetic drugs was found [20]. This decrease
correlated with HbAlc reduction (r=0.88 [95% CI 0.67;
0.96]) and persisted even after adjustment for weight loss.
However, the study was based solely on CVOT. One of the
main issues criticizing CVOT is the selection of the study
population. Eligibility requirements for study participation
usually include having a history of cardiovascular disease
or high cardiovascular risk in addition to certain age and
blood glucose control specifications. According to estimates
from population-based data, only 4% to 38% of the real-
world population with type 2 diabetes would have qualified
for enrollment into renowned CVOTs [21-23]. Moreover,
as pointed to by Lipska/Krumholz [24], CVOTs would
probably not be very informative for the present study ques-
tion, because the study protocols of the CVOTs in general
encourage additional glucose control according to the local
guidelines. As such, HbAlc effects from CVOTs cannot be
attributed completely to the treatments under study, but will
be confounded by other glucose-lowering therapies. Any
convincing effects on mortality in the CVOTs are, thus,
most likely unrelated to the glucose-lowering effect of the
compounds under study.

Explanatory approaches

The lack of surrogacy of HbAlc for mortality found in the
current meta-analysis can be explained by several circum-
stances. First, the long-standing focus on glycemic control as
an established primary endpoint in diabetes treatment can be
attributed to the fact that HbAlc values were generally larger
in former times and cardioprotective therapies, e.g., statins,
were not used that widespread [24]. As such, parallels of
HbA1c improvement with improvements in cardiovascular
endpoints could be expected and were actually seen in the
large trials (DCCT, UKPDS) that assessed intensive gly-
cemic control. However, it is possible that these beneficial
effects are not due to glucose lowering but rather to other
concomitant treatments, such as antihypertensive agents [11,
25]. Second, as known from the ACCORD and ADVANCE
trials, achieving good blood glucose control could be at the
cost of the number of hypoglycemic events and weight gain
and thus not result in reduced mortality [25, 26].

Strengths and limitations

The results of this study are based on the findings of over
200 international randomized trials enrolling more than
120,000 participants. It, thus, provides a much more com-
prehensive overview of the current evidence, when com-
pared to previous studies that included always less than
20 trials. Especially, smaller studies and studies of shorter
duration were also taken into account. The application of
an advanced statistical method (median-unbiased estimation
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principle) made it possible to include not only studies with
a small number of outcome events but even those without
any events.

We restricted here to the outcome of all-cause mortality,
since we believe that this outcome is of highest relevance
for the patients. Furthermore, all-cause mortality can be
measured with high validity and reliability and is also not
influenced by competing risk as other major, non-fatal car-
diovascular events. In addition, we made considerable efforts
to update the mortality information from the single trials
as we were foreseeing low number of deaths in the trials.
To be concrete, we performed a systematic citation tracking
of the initial trial publications and contacted their authors.
Finally, consistent with the recommendations on participa-
tory decision-making [27], we used both an absolute and a
relative effect measure.

It is certainly a limitation of our analysis that the average
observation time in our study sample was rather short, result-
ing in a low absolute number of deaths across all trials. It
might be possible that treatment effects on all-cause mortality
may be seen with longer observation times. Having actually
anticipated this, we contacted the authors of our randomized
trials to achieve additional information on long-term follow-
up. However, this was less successful than expected, and little
follow-up information was gained overall.

Another limitation is that we did not include the results
of the large cardiovascular outcome trials (CVOTs), which
force pharmaceutical industry today to use cardiovascular
instead of glucose-lowering endpoints if seeking regulatory
approval. The limitations of these trials with regard to the
current research question have already been described above.

We acknowledge as a final limitation of our study (see
also [11]) that we only used aggregate data on the trial level
to assess surrogacy of HbAlc. This comes with the danger
of ecological bias. More precisely, it might be possible that
actual surrogacy could be observed when individual patient
data would have been available. It might, thus, have been
worthwhile (or an avenue for further research on that issue)
to seek to receive individual patient data from the trials.
However, it is not guaranteed that all authors would like
to share their data. For example, only roughly a quarter of
all authors answered to our simple question on follow-up
information, and sharing original data would mean a tremen-
dously larger amount of work and commitment.

Future studies may also analyze observational studies
focusing on associations between HbAlc and all-cause
mortality to complement knowledge and obtain information
independent of treatment effects.
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Conclusion

Based on the evidence of numerous randomized trials, we
conclude that HbA 1c is not a valid surrogate marker for all-
cause mortality in people with type 2 diabetes. Our results
strengthen the rationale that clinical decisions should not
only be guided by glycemic parameters, but should also take
into account patient-relevant outcomes [12, 24].
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