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SAFE

• SAFE : Critical care trial conducted by the Australia and New
Zealand Intensive Care Society Clinical Trials Group, the
Australia Red Cross Blood Service and the George Institute
• Compare 2 different resuscitation fluids (saline vs albumin)
• 6997 patients in the ICU, 2497 on albumin and 3500 on saline
• Primary endpoint: 28 day mortality
• Conclusion: “In patients in the ICU, use of either 4 percent
albumin or normal saline for fluid resuscitation results in
similar outcomes at 28 days”
SAFE Investigators: NEJM (2004), 350:2247-2256

SAFE TBI data

• TBI patients = subgroup of ICU patients with traumatic brain
injury (henceforth SAFE-TBI)
• 460 patients followed for 24 months; 50.2% received albumin
and 49.8% received saline, 2 different resuscitation fluids
• After data cleaning, 412 patients with traumatic brain injury
(TBI) included in the final analysis
• Subgroup of the main trial – stratification post-randomisation
• Primary outcome: 28 day mortality (again)
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Outstanding scientific credibility
SAFE-TBI results

SAFE Investigators: NEJM (2007) 357: 874-884

Biological mechanisms?
• Clinicians hypothesize:
• 1) saline controls better ICP (intracranial pressure) and
therefore TBI patients survive better on saline
• 2) saline and albumin equally control ICP but fewer
additional therapies are needed for saline
 SAFE-TBI II: data on ICP and additional therapies during
the first 2 weeks of treatment for a subset of the 460
patients (about 300).
 Aims: Can we understand better how saline operates and
see which hypothesis is true?
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Data: baseline – 14 days post randomisation
ICP:
Method and end-hourly measurements
Intrinsic variables:
CSF drainage
APTT, INR. Platelets
CT scores (baseline + next within 48 hours)
Extrinsic variables:
TDD morphine, fentanyl, propofol, midazolam, diazepam,
barbiturates,
Temperature
Catecholamines, vasopressin
Osmolality, Na+
PaCO2
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Statistical challenges
Identified a priori:
• 1) Informative dropouts (possibly due to death)
• 2) Inclusion of post-randomisation variables
• 3) Missing data
• 4) Post hoc, non-stratified, sub- subgroup analysis

• 5) Multiplicity

Focus mainly on 1-3 in this talk
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Missingness in longitudinal studies
Partition the complete response vector 𝑌𝑖 into:
• - observed data Y𝑖 𝑜 containing those 𝑌𝑖𝑗 for which 𝑟𝑖𝑗 = 1
•

- missing data Y𝑖 𝑚 containing those 𝑌𝑖𝑗 for which 𝑟𝑖𝑗 = 0

•

(𝑟𝑖𝑗 the missingness indicator 0 =missing, 1=obs)

MCAR (Missing Completely At Random): The probability that responses are
missing is unrelated to both Y𝑖 𝑜 and Y𝑖 𝑚
•  The observed data Y𝑖 𝑜 can be considered a random sample of the
complete data 𝑌𝑖
Examples
• - subjects go out of the study after providing a pre-determined number of measurements
•

- laboratory measurements are lost due to equipment malfunction
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Missingness (2)
MAR (Missing At Random): the probability that responses are missing is
related to Y𝑖 𝑜 but not to Y𝑖 𝑚
p(𝑟𝑖 |Y𝑖 𝑜 ,Y𝑖 𝑚 )= p(𝑟𝑖 |Y𝑖 𝑜 )

Examples:
- - study protocol requires patients whose response value exceeds a
threshold to be removed from the study
- - physicians give rescue medication to patients who do not respond to
treatment
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Missingness (3)
Features of MAR:
•  The observed data cannot be considered a random sample from
the target population
•  Not all statistical procedures provide valid results
Not valid under MAR

Valid under MAR

Sample marginal evolutions

Sample subject specific evolutions

Methods based on moments (e.g.
GEE)

Likelihood based inference

Mixed models with misspecified
correlation structure

Mixed models with correctly
specified correlation structure

Marginal residuals

Subject specific residuals
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Missingness (4)
• MNAR (Missing Not At Random ): The probability that responses are
missing is related to Y𝑖 𝑚 and possibly Y𝑖 𝑜
•
• Example:
• - in longitudinal studies patients may fail to complete the QoL questionnaire
at occasions when their quality-of-life is compromised
• Features of MNAR:
•  The observed data cannot be considered a random sample from the
target population
•  Only procedures that explicitly model the joint distribution of
•
(Y𝑖 𝑚 , Y𝑖 𝑜 , 𝑟𝑖 ) provide valid inference
• ⇒ analyses which are valid under MAR will not be valid under MNAR
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Missingness in SAFE-TBI
Clinicians suspect: ICP monitoring is stopped along the way as:
• a) the patient’s condition is worsening or b) the patient’s health really
improves – we don’t know the real reason

Missing data (dropout) may be due to the unobserved endpoint value (ICP)
• i.e. MNAR is more than likely to happen i.e. more complex techniques are
required (sensitivity analysis) such as:
• - Pattern Mixture Models (PMMs)
• - Joint Modelling (JM) of survival and ICP

Pattern mixture models (PMMs)
Model the joint distribution of (𝑌𝑖 , 𝑟𝑖 ) - outcome and missingness
(dropout)
Principle:
- Model the outcome by conditioning on dropout (day, week...)
- Mixture of different populations characterised by observed
1.

pattern of missingness – implicitly assumes we can see a pattern

Naïve analysis
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Profile plots - examples
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Profile plots ICP – Dropout Week 1
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Profile plots ICP – Dropout Week 2
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PMM for ICP - results

ICP
Intercept

Slope

Global slope

Albumin

Saline

p

Week 1

16.6 ± 1.01

17.1 ± 1.14

0.76

Week 2

16.0 ± 1.56

17.2 ± 1.35

0.55

Week 1

1.30 (0.33)

-0.37 (0.36)

0.0006

Week 2

-0.08 (0.44)

-0.23 (0.38)

0.79
0.003

Source: SAFE-TBI II paper – Journal of NeuroTrauma (2013)
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Joint modelling (JM)
o Idea: “Model jointly the survival time and the longitudinal marker
taking advantage of profile plots”
o Principle: common random effects in the survival data model and the
mixed-effects model for the marker capture all the dependence
o  Can accommodate informative dropout (MNAR)

o  Can deal with intermittent missingness as well
o  Can disentangle the effect of treatment on the main endpoint
(survival) with its effect on the biological marker (ICP)

o Will bring new insights on the SAFE-TBI II data (and deal with 1, 2, 3)

Model for ICP – no treatment

o Let 𝑌𝑖𝑡 be the ICP of patient i at time t (e.g. on day t)

o 𝑌𝑖𝑡 =b0𝑖 +b1𝑖 t + 𝑒𝑖𝑡
o i.e. every patient has their own line (b0𝑖 +b1𝑖 t) plus some error term (𝑒𝑖𝑡 )
o Classical assumptions:
• b0𝑖 follows a normal distribution with mean b0 and variance s0 2

o b1𝑖 follows a normal distribution with mean b1 and variance s1 2
o error term 𝑒𝑖𝑡 and random effects b0𝑖 , b1𝑖 are independent

Model for ICP (with interaction and treatment)

o Let 𝑌𝑖𝑡 be the ICP of patient i at time t (e.g. on day t)

o 𝑌𝑖𝑡 =b0 +b1 t +b2 𝑡𝑟𝑡𝑖 + b3 𝑡 ∗ 𝑡𝑟𝑡𝑖

o +(b0𝑖 +b1𝑖 t) + 𝑒𝑖𝑡
So that there is an average line for the albumin group b0 +b1 t
AND
a DIFFERENT average line for the saline group (b0 +b2 )+(b1 + b3 )t

Model for survival time (Cox)
o Specifies the risk of death at time t assuming the patient has survived so far

o ℎ𝑖 (𝑡|𝑀𝑖 (𝑡))= ℎ0 𝑡 exp(g𝟏 𝑡𝑟𝑡𝑖 + n 𝑚𝑖 (𝑡))
o where
o 𝑚𝑖 𝑡 is the ICP trajectory (error-free) of patient i at time t

o 𝑀𝑖 𝑡 is the history of 𝑚𝑖 𝑠 of patient i up to time t
o n parameter testing association between survival and ICP trajectory at time t
o g𝟏 the parameter testing the residual effect of treatment after adjustment for

ICP trajectory

Cox model with + covariates
o Just add fix covariates in the model (e.g. APACHE at baseline)

o ℎ𝑖 (𝑡|𝑀𝑖 (𝑡))= ℎ0 𝑡 exp(g𝟏 𝑡𝑟𝑡𝑖 +g2 𝐴𝑃𝐴𝐶𝐻𝐸𝑖 + ... + n 𝑚𝑖 (𝑡))
o where
o …

o g2 the parameter for APACHE score etc

Summary: What JM allows you to do
o You can model:
o 1) the dependence of survival and ICP through common random effects
o 2) the two endpoints jointly

o You can test :
o 1) the effect of saline on ICP through b’s, in particular whether the slopes are
the same – similar to PMM

o 2) the effect of saline on survival by using a Cox model (not shown)
o 3) the residual effect of saline after adjustment for the ICP(t) trajectory
through g𝟏
o 4) the association between mortality and ICP trajectory through n

Application to SAFE-TBI II - Results (1)
o

# 1) Cox model – FOR SIMPLICITY we used only age and APACHE as covariates

o

Coxfit <- coxph(Surv(SUR_TIME, DEAD28) ~ INTERVENTION + APACHE + AGE, data =
SAFETBI2, x = TRUE)

o

# summary(Coxfit)

o

# 2) mixed model treat= 7 for albumin and 8 for saline ( factor () like CLASS in SAS)

o

LMEfit<- lme(avICP ~ STDYDY + factor(treat) + factor(treat):STDYDY, data = dataICP2,

o

random = ~ STDYDY | STDYNO)

o

# summary(LMEfit)

o

# 3) joint model - spline

o

JMfit <- jointModel(LMEfit, Coxfit, timeVar = "STDYDY", method = "spline-PH-GH")

o

summary(JMfit)

Results (2)
o 1) Cox model for survival to 28 days
o

n= 305, number of events= 67

o

coef

exp(coef) se(coef)

z

Pr(>|z|)

o INTERVENTION -0.748441 0.473103 0.261065 -2.867 0.004145 **
o APACHE

0.075413 1.078330 0.020365 3.703 0.000213 ***

o AGE

0.007590 1.007619 0.007026 1.080 0.280057

Results (3)
o 2) Mixed model for ICP – MAR (may not be valid!)
o

Value

o

(Intercept)

o

Std.Error

DF

t-value

p-value

16.407240 0.6036573 1593

27.179725 0.0000

STDYDY

0.080513 0.1257587 1593

0.640221 0.5221

o

Saline

0.095611 0.8603971 303

0.111124 0.9116

o

STDYDY:saline

-0.285297 0.1750943 1593

-1.629388 0.1034

o
o

No significant results!

o

NB: The model assumes a correlation between the two random effects (turns out to be small)

Results (4)
o 3) Joint Model
o

Value Std.Err

o

(Intercept)

o

STDYDY

o
o

16.7162 0.3833

z-value

p-value

43.6084 <0.0001

0.1525 0.0515

2.9590

0.0031

saline

-0.3621 0.6153

-0.5884

0.5562

STDYDY:saline

-0.3559 0.0853

-4.1744

<0.0001

Value

Std.Err

z-value

p-value

o

Longitudinal process = ICP

o

INTERVENTION

-0.7122 0.2701

-2.6364

0.0084

o

APACHE

0.0900 0.0210

4.2808

<0.0001

o

AGE

0.0110 0.0072

1.5274

0.1267

o

Assoct

0.0599 0.0129

4.6345

<0.0001

o

bs1

-8.0871 0.9256

-8.7368

<0.0001

o

bs2

-6.3139 0.8864 -7.1233

<0.0001

o

….

o

bs7

-8.6086 2.1952 -3.9215

0.0001

Event process = survival

Interpretation
o 1) Longitudinal: on average:
o

ICP(t) = 16.7 +0.15 * Days

(albumin group)

o

ICP(t) = 16.4 - 0.20 * Days

(saline group)

o

significant difference in slope due to treatment, similar intercept

o

consistent with the PMM analysis

o 2) Survival
o

- residual effect of saline after adjusting for ICP(t) trajectory, APACHE and age

o

NB: the effect of saline does not seem to be mediated only through ICP(t)

o
o
o

o

- for each 1 mmHG increase in ICP(t) HR =1.06  increase mortality by 6%
5 mmHG increase in ICP(t) HR =1.35  increase mortality by 35%
- for each additional 1 pt APACHE score HR=1.094  increase mortality by 9.4%

A word of caution
o Before over-interpreting this & jumping to conclusions this we should do a
few more things:
o - adjust for other baseline predictors and see whether anything changes

o - try other JMs – e.g lagging ICP(t) by 1 (give similar results!)
o - somehow validate the model – assumptions there
o - compare the different results – sensitivity analysis

o Striking: how the results in the mixed linear model from the MAR analysis
(biased) are so different to the ones obtained through JM.
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