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Abstract

Introduction: This updated guidance from the Grading of Recommendations Assessment, Development, and Evaluation addresses rat-
ing up certainty of evidence due to a dose-response gradient (DRG) observed in synthesis of intervention and exposure studies.

Study Design and Setting: This guidance was developed using iterative discussions and consensus in multiple meetings and was pre-
sented to attendees of the Grading of Recommendations Assessment, Development, and Evaluation Working Group meeting for feedback in
November 2022 and for final approval in May 2023.

Results: The guidance consists of two steps. The first is to determine whether the DRG is credible. We describe five items for assessing
credibility: a) is DRG identified using a proper analytical approach; b) is confounding the cause of the DRG; c) is there serious concern
about ecological bias; d) is the DRG consistent across studies; and e) is there indirect evidence supporting the DRG. The first two of these
items are the most critical. If the DRG was judged to be credible, then the second step is to apply the DRG domain and consider rating up,
but only by one level due to the concern about residual confounding.

Conclusion: Systematic review authors should only rate up certainty in evidence when a DRG is deemed credible. © 2023 Elsevier
Inc. All rights reserved.
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What is new?

Key findings

e A new guidance for rating up certainty of evidence
due to a dose response gradient (DRG) was devel-
oped by the GRADE Working Group

What this adds to what was known?

e We describe 5 items for assessing credibility: a) is
DRG identified using a proper analytical approach;
b) is confounding the cause of the DRG; c¢) is there
serious concern about ecological bias; d) is the
DRG consistent across studies; and e) is there indi-
rect evidence supporting the DRG.

e The 2 most critical items focus on establishing
DRG through an appropriate analytic approach
and making a judgment about residual confound-
ing which can manifest as a DRG

What is the implication and what should change

now?

e Certainty of evidence should not be automatically
increased when a DRG is observed. A two-step
approach is recommended, starting with establish-
ing credibility and then rating up one level if DRG
was deemed credible.

up the certainty in a body of evidence derived from non-
randomized studies (NRS) [2,3]. Dose-response gradients
(DRGs) are often identified when studying the harmful ef-
fects of environmental exposures such as the effect of ben-
zene exposure on childhood leukemia [4] and when
evaluating public health interventions such as the effect
of antismoking campaigns on youth smoking [5]. Dose-
response gradients (DRGs) have also been identified in
the context of clinical medicine when studying the effects
of an exposure such as the DRG between serum thyrotropin
level and thyroid cancer [6], or when evaluating the effects
of an intervention, such as the DRG between radiotherapy
dose and prostate cancer relapse-free survival [7] or the
DRG between psychotherapy delivery and mental health
outcomes [8]. Previous GRADE guidance about DRG
was brief [2,9] and a methodological survey of the use of
DRG when rating certainty in nutrition evidence has shown
variability of how this domain was applied in systematic re-
views [10].

2. Objectives

The objective of this article is to provide updated and
comprehensive guidance about applying the GRADE
DRG domain for intervention and exposure studies in an

evidence synthesis. We also aimed to update our early con-
siderations about the use of the DRG domain in the context
of the ROBINS tools [9].

3. Methods
3.1. Overview

We conducted this work as part of the GRADE project
group on environmental health through identification of ex-
amples, iterative discussions and presentations at GRADE
Project and Working Group meetings (October 2021-May
2023). The core group identified several considerations that
facilitate making a judgment about the credibility of a DRG
and using it to rate up certainty.

3.2. Examples

We searched literature for the use of the GRADE DRG
domain and asked members of the GRADE working group
to identify examples from primary studies, systematic re-
views, and guidelines that could be used to guide the
approach to rating up the certainty of evidence.

3.3. Operationalization of guidance

A writing group developed the approach through itera-
tive discussions and refinement in online meetings and vir-
tual communication. The writing group revised the
approach using a consensus-based decision-making pro-
cess. The guidance was then presented to the entire
GRADE working group in November 2022 for discussion
and was formally approved by all attendees of the GRADE
Working Group meeting in May 2023 without dissenting
opinions.

4. Results

4.1. Definition and shapes of the dose-response gradient
(DRG)

The DRG has also been called dose-response relation or
curve, or a biological gradient, and was originally defined

Type

— Linear
Log-linear

— Log-log

Effect

Dose

Fig. 1. Monotonic dose-response gradient. (For interpretation of the
references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Type

— J—shaped
U-shaped

— Inverted—U-shaped

Effect

Dose

Fig. 2. Nonmonotonic dose-response gradient. (For interpretation of
the references to color in this figure legend, the reader is referred to
the Web version of this article.)

as a relationship between an exposure and an outcome, in
which incremental increases (or decreases) of the exposure
produce incremental increases (or decreases) of the
outcome [1,11,12]. However, this definition can be
expanded to describe other patterns of variation in the
outcome in response to variation of the exposure.

DRG shapes are either monotonic or nonmonotonic. A
monotonic DRG is a relationship in which the sign of the
regression coefficient does not change along the range of
the exposure. Thus, if the exposure increases, the response,
defined as the occurrence or expression of an outcome or an
effect, is always stable or increasing. Monotonic DRGs can
be linear, sublinear, supralinear or have a threshold. For
many environmental health exposures, DRG is established
using a log-linear model, in which the log of the response
rate is modeled as a linear function of cumulative exposure
[13,14]. Responses with rates that are expected to increase
in a linear fashion at lower exposure levels and then plateau
or tail off at higher exposure levels are modeled using the
“log-log” model, in which the log of the response rate is
a linear function of the log of exposure [14]. The log-
linear and log-log models have sublinear or supralinear
monotonic shapes. Examples of monotonic DRGs are de-
picted in Fig. 1.

On the other hand, nonmonotonic relationships are the
ones in which the regression coefficient sign changes and
can have a biphasic shape, a J-shape, U-shape, or inverted
U-shape. The concept of hormesis, characterized by stimu-
lation of a response at low dose and inhibition of a response
a high dose [15], is a manifestation of a nonmonotonic
DRG. Examples of nonmonotonic DRGs are depicted in
Fig. 2.

The original epidemiologic papers that discussed DRG
as a causality criterion have explicitly described monotonic
associations. Bradford Hill used the example of lung cancer
mortality increasing linearly with the number of cigarettes
smoked daily [1]. Rothman defined the biologic gradient as
a unidirectional monotonic dose-response curve [12]. The
examples used in the previous GRADE guidance for rating
up certainty were all monotonic [2]. The monotonic DRG
shape is more intuitive as a causality criterion or a rationale
for increasing certainty (more of the intervention/exposure

Start with assessing credibility

1. Appropriate analytical approach
2. Likelihood of residual confounding

3. Likelihood of ecological bias
4. Consistency across studies
5. Support by indirect evidence

DRG not credible DRG credible
Do not rate up May rate up
Fig. 3. Items that can be used to assess credibility of a dose-response

gradient. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

leads to more of the outcome). Nonmonotonic DRG, as a
criterion to increase certainty of the evidence is more chal-
lenging to explain, and therefore, may require more elabo-
ration. The rationale for increasing certainty in the case of a
nonmonotonic DRG is not “more of the exposure leads to
more of the outcome”, but rather, reflects that the DRG al-
lows better understanding of the biological relationship be-
tween the exposure and outcome. In other words, being
able to mathematically predict the outcome based on the
exposure. This is particularly more understandable when
the nonmonotonic DRG is demonstrated consistently across
multiple studies which may serve as a validation of a model
in different contexts. For example, a meta-analysis of 250
cohort studies suggested a J-shaped nonmonotonic associa-
tion between body mass index and all-cause mortality [16].
This DRG was present with some minor variations in
shape, in men and women, Whites and African Americans,
smokers and nonsmokers; and can be viewed as being vali-
dated in different contexts.

4.2. Updated GRADE guidance for rating up certainty
due to the dose-response gradient (DRG)

The guidance consists of two steps. The first is to deter-
mine whether the DRG is credible. If the DRG was judged
to be credible, then the second step is to apply the DRG
domain and consider rating up.

4.2.1. The first step: credibility of a dose-response
gradient (DRG)

We propose five items that systematic reviews authors
can use to make a judgment about the credibility of a
DRG (Fig. 3).

4.2.1.1. Is the dose-response gradient (DRG) identified us-
ing a proper analytical approach?. Formal statistical
testing for DRG in a systematic review can be done using
different approaches based on the availability of data.
One approach is an analysis of subgroups of studies that
evaluated the effect (exposure vs. no exposure) at different
levels. Another approach is to conduct a dose-response
meta-analysis or metaregression that takes into account
all the doses in the included studies. Analysis models can
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Fig. 4. Depiction of how confounding can manifest as a dose-response
gradient. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

be linear such as the generalized least squares for trend, or
nonlinear such as the restricted cubic splines function. The
rationale for nonlinear DRG has increased in recent years
where simple linear models in environmental health, nutri-
tion and toxicology are thought to be too simplistic and
may not accurately characterize a DRG [17—19]. A cred-
ible model needs to make sense biologically, have a good
fit, and be derived from a sufficient number of datapoints.

For example, a meta-analysis evaluating the association
of rofecoxib with cardiovascular events suggested a DRG
as doses of 25 mg/d or less had a lower relative risk (RR)
than doses more than 25 mg/d (1.33 (95% confidence inter-
val, 1.00—1.79) and 2.19 (95% confidence interval
1.64—2.91); respectively) [20]. Despite the statistically sig-
nificant interaction between the effects of the two doses,
this DRG is based only on two doses, and its shape cannot
be reliably extrapolated beyond these two doses. More da-
tapoints in the DRG model (i.e., more dose-response pairs)
would be needed to reduce the potential for chance findings
and provide more certainty for the shape of the DRG. In a
simple linear regression model with dose as a predictor var-
iable, a minimum of three dose-response data points would
be needed because each of the regression intercept, slope
and error term requires a degree of freedom. Thus, a
DRG that is based only on two doses is clearly less cred-
ible. Evaluating nonlinear and nonmonotonic DRGs, and
the use of semiparametric methods, requires even a larger
number of observations.

4.2.1.2. Is confounding the cause of the dose-response
gradient (DRG)?. While the evaluation of confounding is
an established part of the GRADE domain that deals with
study limitations, this domain should be revisited when
we contemplate rating certainty up due to a DRG. A
DRG does not make confounding less likely [21]. In fact,
confounding can cause a DRG to manifest between an
exposure and an outcome of interest despite the absence
of a causal relation. This happens if two conditions are
met: a DRG exists between a confounder and the outcome
and a close association exists between the confounder and
the exposure [12,21,22]. This phenomenon is depicted in
Fig. 4.

For example, several case-control studies showed a DRG
between coffee consumption and pancreatic cancer [23,24].

The adjusted RRs for consumers of no cups per day, one to
two, three to four, and at least five were 1.0, 2.1, 2.8, and
3.2, respectively [23]. This DRG may erroneously lead us
to infer a causal relation that, as it turns out, prospective
studies have shown does not exist. The cause of this
observed DRG between coffee consumption and pancreatic
cancer is that the confounder, which is smoking, has a DRG
with pancreatic cancer and is closely associated with coffee
drinking. A meta-analysis of 42 NRS’s found that not
smoking, smoking 10, 20, 30, and 40 cigarettes per day
was associated with RRs of 1.5, 1.9, 2.0, and 2.1, respec-
tively [25,26]. In addition, smoking and coffee drinking
have a strong positive association as each additional ciga-
rette smoked per day is associated with higher coffee con-
sumption of 0.10 cups per day [27,28]. Thus, the “hidden
DRG” between the confounder and the outcome, along
with close association between the confounder and the
exposure, present as a DRG between the exposure and
the outcome. Another example is the observed DRG be-
tween the incidence of trisomy 21 syndrome and birth order
[29]. This observed DRG is caused by a hidden DRG be-
tween the confounder, which is the maternal age, and the
outcome, along with close association between maternal
age and birth order [12].

These two conditions required for a DRG to manifest
because of confounding are expected to be common. Since
the confounder is a causal factor for the outcome, it is ex-
pected to have a DRG with the outcome. And by definition,
the confounder is expected to have a close association with
the exposure. For example, smoking has an established
DRG with various cancers (pancreas, lung, nasopharyngeal,
and bladder) [30—32] and may confound the associations of
various exposures with these cancers. If smoking and these
exposures are closely associated, we would observe a DRG
between the exposures and cancer.

Due to the concern about confounding and to avoid erro-
neously increasing certainty in a confounded association,
we recommend that increasing certainty due to DRG re-
quires meticulous evaluation of confounding. Certainty
should not be increased due to an observed DRG if the
analysis does not adjust for plausible confounders or when
known residual confounding remains a serious concern.

There will be cases in which the effect of confounding
on DRG is not as clear as the above presented examples.
For instance, a DRG exists between red meat and cardio-
vascular outcomes [33], but red meat exposure tracks
closely with many other aspects of dietary habits, which
makes determining the causal culprit more challenging.
Nevertheless, because of the high suspicion of residual con-
founding in this association, we do not recommend rating
up for a DRG.

4.2.1.3. Is there serious concern about ecological bias?. 1f
a DRG can be demonstrated within studies and between
studies, the credibility of the DRG will be higher. When
the DRG is only established via between-study
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comparisons, it is at increased risk of ecological bias.
Ecological bias occurs when inferences about individuals
are assumed from inferences about the groups to which they
belong [34]. Therefore, to rate certainty up due to DRG,
this ecological bias should be deemed unlikely when risk
of bias (RoB) is assessed across studies. One example is
a meta-analysis that demonstrated a DRG across studies
evaluating the association between egg consumption and
heart failure, but several included studies in this meta-
analysis did not demonstrate a DRG [35]. Such a DRG
could be attributed to the ecological bias caused by factors
at a study level, such as the geographic location of the
studies or their population characteristics.

Nevertheless, the demonstration of a DRG only across
studies may be the only approach to achieve sufficient
variability in the exposure. A dose-response meta-analysis
demonstrated a linear relationship between the stringency
of governmental measures to contain COVID-19 and
worsening depression and anxiety. Such analysis must
depend on comparison of different studies conducted in
different locations that have variation in COVID-control
measures [36].

4.2.1.4. Is the dose-response gradient (DRG) consistent
across studies?. While inconsistency is a separate
GRADE domain, when rating up for DRG is being consid-
ered, review authors should specifically evaluate whether
DRG magnitude and shape is consistent across studies.
There are examples of inconsistent conclusions about
DRG between studies such as the DRG between potato
intake and the risk of type 2 diabetes [37], and consistent
ones such as the DRG between physical activity and
cardiorespiratory fitness and the incidence of heart failure
[38]. Assessing inconsistency of DRG across studies is a
matter of judgment because there are no reliable statistical
methods to do so. Modeled DRGs of individual studies can
be visually depicted which may help in assessing inconsis-
tency, such as the example of the modelled DRGs of cad-
mium exposure and risk of prediabetes; which visually
appeared to be consistent [39]. When evaluating inconsis-
tency, it important to recognize that smaller studies may
not show a DRG because they are underpowered. Thus,
if a small study did not show a DRG consistent with that
of other larger studies, this may not necessarily imply
inconsistency.

4.2.1.5. Is there indirect evidence supporting the dose-
response gradient (DRG)?. The presence of indirect evi-
dence, such as biological plausibility or mechanistic evi-
dence that corroborates or explains the DRG, can make it
more trustworthy. For example, cellular and mechanistic
explanations have been proposed for DRGs demonstrated
in the associations between lung cancer and inorganic
arsenic concentrations [40] and in the association between

alcohol intake and colorectal cancer [41]. In contrast, there
was no clear biological evidence to support the DRG
observed in the inverse associations between sucrose intake
and risk of type 2 diabetes [42] or between chocolate intake
and the risk of type 2 diabetes [43].

4.2.2. The second step: applying the DRG domain
4.2.2.1. Rating up. If DRG is deemed credible, review au-
thors can consider rating up. Because of the concern about
confounding, we recommend not to increase certainty due
to DRG by more than one level, even if authors have failed
to identify a plausible confounder. In addition, rating cer-
tainty up after identifying reasons to rate it down is discour-
aged in GRADE.

Lastly, it is important to note that some of the informa-
tion that has been used to judge credibility of the DRG may
have been collected during the assessment of other GRADE
certainty domains, such as risk of bias and inconsistency,
and we should avoid rating down twice for the same
concerns.

4.2.2.2. Working with different risk of bias tools. Conven-
tionally in GRADE, the body of evidence from NRS starts
at low certainty of evidence due to the concern about resid-
ual confounding and selection bias. However, two instru-
ments assess RoB of NRS along an absolute scale (Risk
of Bias in Nonrandomized Studies of Intervention and Ex-
posures - ROBINS-I and ROBINS-E) [44]. If these instru-
ments are used, the body of evidence starts at high
certainty with the understanding that the it is usually rated
down by at least two level [9]. Until release of GRADE’s
full update of the guidance on rating study limitations
and execution of risk of bias across a body of evidence
when these instruments are used, we suggest starting with
making a judgment about RoB in each individual study us-
ing ROBINS-I, then making a global judgment about RoB
across the whole body of evidence for each outcome. In this
framework, a credible DRG can be viewed as a way to miti-
gate rating down due to RoB, as long as the rating down
was not due to serious concern about residual confounding.

4.2.2.3. Choosing estimates to include in the summary of
findings table. Four ways of presenting effect estimates
have been noted in the context of rating up for DRG
[10]. The first two ways compared any level of the exposure
vs. no exposure (e.g., smoking any amount vs. no smoking),
or compared extreme categories of the exposure (e.g., high-
est vs. lowest quantiles of packs per day smoked). Analyses
using these two types of estimates are expected to have a
high level of heterogeneity due to variation of the effect
across doses of the exposure. The heterogeneity would be
higher in the first type and may invalidate the homogeneity
assumption of a pooled estimate across doses. Comparing
extreme exposure categories has poor statistical properties,
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can produce larger effects compared to using data about all
available doses of exposure [45], and is also susceptible to
misclassification error when the exposure is assigned into
discrete categories [46]. These two types of estimates are
more conducive to a yes/no answer and will be appropriate
when the review question has this binary purpose. The third
way is to present the effect is per unit of exposure, which is
expected to have the least heterogeneity. The fourth way is
to present multiple effect estimates for different levels of
exposure. This latter approach is most conducive for
decision-making and trading off benefits and harms at a
certain exposure level.

The choice between these different types of effect esti-
mates depends on the level of contextualization and the
goal of the evidence synthesis and subsequent decision
[47—50]. For example, let us consider that the question be-
ing addressed in evidence synthesis is: does regular phys-
ical activity reduce the risk of severe COVID-19
infection, and is there a threshold of physical activity asso-
ciated with this effect? A minimally contextualized
approach with a non-null threshold can be pursued to
answer this question. A systematic review of NRS demon-
strates a nonlinear DRG between physical activity pre-
sented in metabolic equivalent of task (MET)-min per
week and severe COVID-19 illness [51]. The DRG can in-
crease certainty in a non-null target of certainty concluding
that those who engaged in regular physical activity devel-
oped less severe disease than inactive peers [51]. The re-
sults also showed a flattening of the dose-response curve
at around 500 MET-min per week, suggesting that the
greatest benefit is attained by performing at least 150 mi-
nutes of moderate-intensity aerobic exercise each week
[51].

Conversely, let us consider that the question being ad-
dressed in evidence synthesis is: what are the benefits
and harms of a specific dose of salvage radiotherapy
following radical prostatectomy? A partially or fully
contextualized approach is needed to properly address this
question. A dose-response meta-analysis has demonstrated
a nonlinear DRG between radiotherapy dose and relapse-
free survival with a 2% improvement for each 1 Gy of
salvage radiotherapy [7]. The effect estimates to be graded
in this question would be the ones estimated at specific
doses considered by stakeholders to be most relevant to
the clinical context (i.e., radiation doses commonly used
in contemporary clinical practice). Authors of this meta-
analysis proposed salvage radiotherapy doses of 76 Gy
and 66 Gy as important clinical dilemmas and proposed a
future trial at these doses [7]. Thus, decision thresholds
can be established to support rating certainty at these two
levels of exposure. It is also plausible to apply both views
as two consecutive steps (i.e., first evaluate the certainty
in the exposure itself in a binary fashion, then evaluate cer-
tainty in specific estimates at specific exposure levels most
relevant to decision-making). Paradigms for framing sys-
tematic review questions for exposures have been proposed

and can help operationalize decision-making questions
[52].

5. Discussion
5.1. Summary

We developed new GRADE guidance to facilitate the
application of the DRG as a domain for rating up the cer-
tainty of evidence derived from NRS. A key first step is
to make a judgment about the credibility of the DRG.
The two most critical credibility items focus on establishing
DRG through an appropriate analytic approach and making
a judgment about residual confounding.

5.2. What does the dose-response gradient (DRG) make
us more certain about?

To answer this question, we pose three probing ques-
tions. First, does a DRG increase our certainty in a non-
null effect? The answer to this question is “‘yes”. Causality
is a binary construct that GRADE attempts to address
through its leveled certainty ratings. A DRG increases the
certainty that an intervention or exposure causes the
outcome. The presence of DRG in this view, by definition,
implies that the effect estimates vary based on the exposure
dose. Thus, there is more certainty about the fact that vary-
ing levels of exposure cause varying levels of the outcome,
rather than supporting a single specific estimate.

Second, does a DRG increase our certainty in multiple
effects, each estimated at a different exposure dose? The
answer to this question is “yes”. Let us assume that we
have five exposure levels with five associated RR’s (RR;-
RRj5) that demonstrate a linear DRG. A DRG in this case
increases certainty that at an exposure level between 3
and 4 (e.g., exposure level 3.5), the RR would be between
RRj; and RRy. Of note, these five levels can be underpinned
with different bodies of evidence and there may be cases in
which certainty would be lower at the highest and lowest
exposure levels than intermediate levels. Because the loca-
tion of the effect for a specific exposure level is more spec-
ified within a particular range, this view allows
contextualization and relating the observed estimates to
specific decisional thresholds and ranges. In the case of
nonmonotonic DRG, the practical application of this view
is less clear than for monotonic DRGs. Replication of
DRG in multiple studies is important in this context. Rating
up certainty in the estimates due to DRG involves circular
reasoning because these are the same estimates that gener-
ated the DRG. Replication of DRG in multiple studies can
alleviate this concern.

Third, does a DRG increase our certainty that the effect
is large? The answer to this question is “no”. The effects,
across a spectrum of exposures, may be large or small
despite a DRG. Many environmental exposures with a
DRG have a small effect size even for extreme exposures.



M.H. Murad et al. / Journal of Clinical Epidemiology 164 (2023) 45—53 51

Despite the important public health impact of these expo-
sures due to the large part of the population being exposed,
the actual effect size or magnitude of association could be
quite small (e.g., RR of 1.01 for the effect of air pollution
on the risk of myocardial infarction [53]).

We conclude that a DRG increases the certainty about a
non-null effect of the exposure, as well as about multiple
effects estimated at different exposure levels.

5.3. Strengths and limitations

Compared with the previous GRADE guidance [2], the
availability of many applied examples of systematic re-
views that invoked the DRG domain and advances in the
analytical methods of establishing a DRG have facilitated
the development of this guidance. This guidance provides
practical steps that prompt systematic review authors to
address critical issues such as residual confounding and
ecological bias, and not just simply rate up whenever a
DRG is observed.

While analytic approaches of DRG have advanced,
methodological research about rating certainty up due to
DRG remains quite limited. In addition, it remains unclear
whether approaches that quantify the importance of resid-
ual confounding [54] can aid in determining the impact
of confounding on DRG. This guidance suggests that indi-
rect evidence supporting a DRG can make it more trust-
worthy, however, we recognize that providing a biological
rationale to explain observed associations can be
misleading and is often misused [22,55]. Lastly, DRG can
be identified within and across randomized trials. However,
rating up in GRADE and this guidance, focus on NRS.

6. Conclusions

Systematic review authors contemplating rating up the
certainty in evidence due to a DRG should first evaluate
the credibility of the DRG, with particular attention to the
analytic approach that established the DRG and the poten-
tial for residual confounding. Concerns about credibility of
DRG in these two items should lead to a decision of not rat-
ing up. DRG can increase certainty in both, a non-null ef-
fect or in multiple effects estimated at different exposure
doses.
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