
Multilevel	Linear	Regression	(MLM)
Data	continuously	added	from	admission	until	DCI	anchor.	Longitudinal	mixed-effects	model	
allows	for	inter-patient	and	intra-patient	comparison	over	time	with	repeated	outcomes.	

Background Multilevel	Linear	Regression	

Methods

Temporal	Signal	Within	Vital	Signs	Precedes	Delayed	Cerebral	Ischemia	Diagnosis
Kalijah	Terilli,	BA1,2;	Murad	Megjhani,	PhD1,2;	Angela	Velazquez,	MD1;	David	J.	Roh,	MD1;	Sachin Agarwal,	MD/MPH1;	Jan	Claassen,	MD/PhD1;	Soojin Park,	MD1,2

1	Columbia	University	Vagelos College	of	Physicians	and	Surgeons;		2	Program	for	Hospital	and	Intensive	Care	Informatics

• Subarachnoid	hemorrhage	(SAH)	is	a	major	public	health	burden,	
affecting	14.5	per	100,000	Americans.

• Delayed	Cerebral	Ischemia	(DCI)	from	vasospasm	(VSP)	has	been	
implicated	as	the	most	morbid	secondary	injury	after	SAH.

• VSP	is	the	narrowing	of	cerebral	blood	vessels,	triggered	by	the	
unusual	presence	of	blood	in	the	brain	after	a	bleed.

• DCI	is	a	consensus	definition	used	for	research,	encompassing	
clinical	evidence	linked	to	reduced	perfusion	after	SAH.

• Symptoms	can	be	subtle	and	develop	gradually,	typically	occurring	
anywhere	between	3	and	14	days	post-bleed.

• Current	prediction:	scales	(mFS,	Hijdra)	rely	on	one-time	imaging	
findings	at	admission,	and	often	lacks	precision	for	individuals.

• Current	detection:	diagnosis	relies	on	noticing	subtle	symptoms	
which	then	triggers	ruling	out	mimics	and	confirmatory	imaging.

We are seeking to develop autonomous, continuous tools to 
detect complications after SAH–by discovering, evaluating and 
incorporating the temporal signals imbedded in vitals signs.

Vital	signs	at	0.2	Hz,	age,	sex,	mFS,	WFNS,	HH	and	GCS	at	NICU	admission	included	
for	384	patients	admitted	with	aneurysmal	SAH	May	2006	to	December	2014.

Anchor

Control
209

Excluded:
Ultra	Early	VSP	on	Admitting	Angiogram							28
Died	Before	 Post	Bleed	Day	3 31

aSAH Patients	with	Physiological	Data
(2006-2014)

443

VSP without
Deterioration

84

Non-symptomatic VSP
74

DCI
101

VS
P

Clinical Deterioration

New 
Infarct

VSP with
Deterioration

77

DCI Negative
209

DCI Positive
101

Patients for Training
310

Nested Cross Validation       
(5-Fold CV)

Test/Train Validation

Parameter 
Optimization
(5-Fold CV)

Classifier

AUC

Risk 
Scores

Model

Anchor
…

Ensemble	Machine	Learning	
Approach
L2-regularized	logistic	regression,
random	forest,
and	support	vector	machines

Hourly	Risk	Scores	- Posterior	probability
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Comparisons	of	vital	signs:	 Heart	rate	(HR),	respiratory	rate	(RR),	oxygen	saturation	
(SPO2),	arterial	blood	pressure	(SBP,	DBP,	MAP)	and	
temperature	(TEMP).

• statistical	difference	in	trajectories	of	several	vital	signs	and	
relationships	between	vital	signs	prior	to	DCI	diagnosis.

• BPs	and	TEMP	show	difference	long	before	anchor,	while	
cross-correlations	(HR-RR,DBP;	SPO2-SBP,MAP,DBP,TEMP;	
RR-TEMP,	SBP-MAP,	TEMP-MAP,DBP)	show	difference	
localized	to	anchor.
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Machine	Learning	Classifiers	and	Risk	Scores

AU-ROCs	for	5	classifiers	and	risk	scores	based	on	best	performing	model	(EC	with	characteristics	and	vitals).
LR	=	0.78	[0.71-0.80],	SL	=	0.76	[0.75-0.81],	SK	=	0.76	[0.70-0.78],	RF	=	0.81	[0.75-0.82]	and EC	=	0.79	[0.75-0.80]
With	optimal	threshold	of	0.35,	we	correctly	predict	72.6	%	of	DCI	patients	and	74.7	%	of	controls	12	hours	prior	to	
anchor.	This	would	translates	to	3	true	alerts	per	2	false	alerts.

Discussion
Temporal signals in vital signs exist prior to DCI 
diagnosis. Machine Learning models using vital signs 
and popular baseline characteristics may be able to 
enhance identification of patients developing DCI.
A	limitation:	this	study	utilizes	retrospective	data.	
However,	enrollment	in	this	SAH	outcomes	database	and	
adjudication	of	DCI	was	completed	prospectively.	
Future	efforts:		improving	our	models,	continuing	to	
validate	the	models	on	external	and	prospective	datasets.
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