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ABSTRACT

Electronic health records (EHR) are often modeled as irregular sequences of codes, labs, and interventions, yet this framing
overlooks that an EHR is the execution trace of a clinician-in-the-loop control system. Standard foundation models trained with
masked prediction objectives conflate physiology with institutional policy, yielding predictors that excel at forecasting what
clinicians at one hospital will do but generalize poorly under distribution shift or counterfactual query. We introduce CLIO
(Causal Latent, Intervention- and Operations-aware), a foundation model that separates patient dynamics from workflow by
explicitly modeling both physiology and the observation—action policy. Patient state evolves as a controlled stochastic differen-
tial equation, while observations and interventions are generated by marked point processes whose intensities capture clinician
belief and operational constraints. Pretraining optimizes a composite objective: policy-aware masked modeling reweighted
by propensities from the policy surrogate; an invariance penalty enforces environment-agnostic dynamics across hospitals and
epochs; and a counterfactual contrastive task aligns representations to respect intervention effects while discounting spuri-
ous workflow correlations. A lightweight diffusion head generates feasible action schedules under resource constraints, and
clinician-in-the-loop preference learning distills trajectory-level comparisons into a value functional that shapes the latent space
toward clinical utility. Evaluations across multiple institutions show improved discrimination, calibration, and counterfactual
fidelity under distribution shift, with reductions in policy regret and subgroup disparities. CLIO demonstrates that treating the
EHR as a controlled system rather than a passive sequence yields representations that are stable, actionable, and aligned with
the causal questions clinicians face.

Index Terms— EHR-Foundation Model, Clinician-In-The-Loop

1. INTRODUCTION

Electronic health records (EHR) are often treated as an unruly concatenation of codes, labs, medications, and notes [1, 2]]. In
reality they are the execution trace of a clinician-in-the-loop [3] control system operating under uncertainty and constraints
[4, 15]. Each observation is produced because someone chose to look; each intervention is chosen subject to hospital policy,
resource limits, and tacit priors over patient state. Models that ignore this interventional substrate routinely learn to forecast
what this hospital usually does rather than what will happen to this patient under an alternative course of action. The result is
impressive next-event likelihoods that do not travel across sites or support credible counterfactual reasoning.

Foundation models [6, 7, |8]have become a popular paradigm for Al in Healthcare [9} [10}[11]] with many works appearing in
recent years [12} 13,114,150 [16}17,118,|19]]. We propose to pretrain a foundation model over EHR that is explicitly policy-aware
and mechanism-seeking. Let a patient trajectory be a partially observed controlled stochastic process with latent state Z; € R¢,
clinician actions A; € A, and observations X7, € X arriving at irregular times {7} }. The data-generating story is

AZ; = fo(Zy, Ap) dt + So(Z,)'/? AW,
XTk ~ gO(ZTmATk)v
(A, dNy) ~ (- | He, Cr),

where dNV, is the increment of a marked point process governing which labs, vitals, and orders materialize; H; is the
observable history; and C; captures operational constraints and institutional policy. Standard masked modeling optimizes
¢ while implicitly averaging over II4 [20]. In contrast, we learn a representation that separates and then recouples these
components, yielding a physiology-centered state Z; that is invariant to site-specific workflows and an explicit surrogate Il
that explains when and why observations occur.



The foundation model, CLIO (Causal Latent, Intervention- and Operations-aware), is trained to align three capabilities.
First, it must forecast latent clinical dynamics in continuous time, such that Zt+ A remains clinically calibrated under irregular
sampling and variable action schedules. Second, it must support counterfactual rollouts of the form X 4°(%) by intervening on
the control input while holding exogenous noise fixed, enabling “what-if” queries at pretraining time rather than relegating
them to downstream fine-tuning. Third, it must model the observation process itself, treating missingness and test ordering as
informative signals about clinician belief and constraint rather than ignorable censoring.

To operationalize these goals, we replace likelihood-only pretraining with an objective built around actionable invariances.
Reconstruction is reweighted by inverse propensities for orders and treatments, producing a do-calibrated masked modeling
term that discourages the model from equating “frequent tests” with “important physiology.” Latent dynamics are trained via a
neural controlled differential equation or stochastic differential equation, regularized so that gradients of the loss with respect to
0 are stable across environments indexed by hospital, service line, and epoch. A counterfactual contrastive task draws positive
pairs from simulated interventions do(A; < a) using the learned mechanism while designating co-occurrences attributable to
local workflow quirks as hard negatives. Jointly fitting a marked point process II4 for actions and measurements makes the
absence of an event as informative as its presence and prevents the model from spuriously attributing policy-induced censoring
to physiology.

Representation and tokenization follow the same philosophy. Rather than collapsing all events into a code—value—timestamp
triad, interventions are represented as control primitives with semantics, constraints, and budgets: a vasopressor start is encoded
with dose range, titration policy, and a shadow price reflecting resource load. These controls drive a diffusion-style generator
over action times [21]], while measurements remain marks of a conditional point process [22] tied to state. This separation lets
the model imagine clinically feasible intervention schedules under resource constraints and reduces the temptation to hallucinate
impossible sequences that a pure language model might produce.

Alignment [23] is treated as a first-class training signal. Instead of free-form preference modeling over text, we fit a
preference functional over short, de-identified trajectory snippets where CLIO proposes alternative action sequences and their
counterfactual outcomes [24]. Clinicians express pairwise preferences with soft priors from guidelines; these labels are distilled
into a value functional V' (Z;, a) that shapes the latent space toward utility without directly optimizing for any single task.
Training proceeds in a federated manner: mechanism and preference gradients are privately aggregated across institutions
so that environment diversity is preserved while raw data remain on-premise, avoiding the homogenization that undermines
cross-site generalization.

This paper argues that an EHR foundation model should not be a sophisticated autocompleter [25] for observational traces,
but a simulator-backed representation learner that respects interventions, constraints, and the economics of attention. By em-
bedding an explicit observation policy [26], enforcing environment-wise invariances [27, 28 29| 30], and pretraining on coun-
terfactual consistency [24], CLIO aims to yield state that travels across hospitals and time (a goal highlighted in many recent
frameworks [31}[32]133]]), supports safe what-if reasoning, and provides a common substrate for downstream tasks from mortal-
ity prediction to treatment effect estimation. The remainder details architecture and objectives, a privacy-preserving multi-site
training plan, and evaluations that stress causal generalization under distribution shift rather than in-sample calibration.

2. RELATED WORKS

2.1. EHR Foundation Models

The first wave of EHR foundation models largely arose from direct adaptations of Transformer architectures to structured
clinical data streams. Early work such as BEHRT framed diagnosis and procedure codes as linguistic tokens, treating a patient’s
longitudinal visits as sentences. Each event was embedded with a combination of code, age, positional, and segment encodings,
and the model was pretrained using masked language modeling over 1.6 million records from the UK Biobank [34]. Med-
BERT extended this strategy to a much larger cohort of 20 million patients, introducing a secondary pretraining task—predicting
extended hospital stays—while simplifying the embedding layer by removing explicit age and segment vectors [35]]. In parallel,
autoregressive formulations were explored: CEHR-GPT employed next-event prediction as its core learning objective [36],
while CEHR-BERT preserved the masked-LM setup but refined its temporal sensitivity by inserting synthetic time tokens
to represent inter-visit gaps and substituting Next-Sentence Prediction with visit-type classification [37]. Collectively, these
studies demonstrated that both bidirectional and autoregressive pretraining paradigms can capture the temporal and semantic
structure of EHR sequences far more effectively than recurrent neural baselines.

Subsequent models began to emphasize time-resolved dynamics and clinical outcomes more directly. CLMBR introduced
an autoregressive loss over OMOP-standardized codes, initially using GRUs and later scaling to a 141M-parameter Transformer.
This design proved robust across multiple downstream settings, including mortality, readmission, and ICU admission tasks,



even under distributional shift [[17]. MOTOR pushed this line further by equipping its 143M-parameter Transformer with a
piecewise-exponential time-to-event prediction head, enabling it to model explicit intervals until diverse clinical outcomes [38]].
By optimizing event-time objectives across tens of millions of trajectories, MOTOR substantially improved concordance scores
and label efficiency across datasets spanning Stanford’s EHR to national claims.

Addressing variation across coding standards and institutional schemas, recent work has shifted toward text-centric unifi-
cation. GenHPF [39] reformulates heterogeneous EHR elements—including codes, feature names, and numerical values—into
a hierarchical textual format. This representation, tokenized with clinical subword vocabularies, is processed by an event-level
Transformer with temporal aggregation. Similar schema-free strategies have been explored in other contexts [40l [19]. By
converting data to a semantic text stream, GenHPF bypasses bespoke mappings between ICD, SNOMED, and local vocabu-
laries, facilitating unified pretraining across datasets such as MIMIC-III [41], MIMIC-1V [42], and eICU [43]. Coupling this
representation with contrastive and clustering objectives, the model achieves strong multi-source and multi-task performance,
highlighting the potential of semantic conversion for robust cross-institutional transfer [44} 45| 46].

3. METHODOLOGY

The proposed foundation model, CLIO, treats the EHR as the execution trace of a clinician-in-the-loop dynamical system
[47]. A patient encounter is represented as a continuous-time, partially observed, controlled stochastic process [48] coupled to
two marked point processes that govern what gets measured and what gets done. The core learning problem is to identify a
representation of latent physiology that is maximally invariant to institutional policy while remaining sensitive to interventions
and constraints, and to do so with an objective that is differentiable end-to-end and supports counterfactual reasoning already at
pretraining.

Generative formulation

Fix a filtered probability space (€2, F, {F;}+>0,P). Each encounter i unfolds over [0, 7;] with a latent state process Z; € R
The state obeys a controlled Itd SDE [49, 150} 51} 152]],

AZy = fo(Zy, Ar, &) dt + Xp(Z) AWy, Zo ~ po(- | b),

where W, is a standard Brownian motion, ; is a low-rate exogenous context process capturing non-clinician shocks (for
example pathogen load or sudden bleeding) modeled as a piecewise-constant jump process, and b denotes baseline covariates.
The control process A; € A is piecewise-constant with jumps at intervention times {7, }; between jumps A; remains constant.
Observations arrive at irregular times {7} } and carry marks M, that identify the measurement or action type and a payload Y,
producing the observed EHR event X, = (Ty, My, Yy).

Two coupled marked point processes generate events [[53,54}55]. The measurement process N has conditional intensities
)\‘,’Ss(t | Hy,Cy) for marks m € M, Where H; is the history of states, actions, and realized events, and C; encodes site
constraints and policy context. The action process N** has intensities \2'(¢ | H;, C;) for action marks a € M. Conditional
on an event at time ¢ with mark m, the payload is drawn from gy if it is a measurement and updates the control A; if it is an
action. The stochastic generative story is therefore

dZ; = fo(Zs, A, &) At + So(Z,) Y WA,
P(obs mark min [t,t + dt) | Fy-) = X0(t | Hy, Cp) dt,
P(act mark ain [t, ¢ +dt) | Fy-) = A(t | He, Cy) dt,
Yi~go(- | Zr,, Ay, My),  Ap+ =To(Ap-, My, Yi) if My, € M.
The mapping I'y codifies how action marks update the control vector; an antibiotic start sets the component for that drug to
a dose state; a titration modifies it according to a policy kernel; a cessation zeroes it out. In the background, an environment

label e € & indexes site, service line, and epoch, and influences only the policy-and-operations channels {\°**, \*'} and the
constraints C;, not the physiology fg, ¥g, go. This conditional exclusion is the mechanism we aim to identify.

Representation and tokenization

Raw EHR events are embedded into two continuous-time control streams [56]. Observations are mapped to a signed measure-
valued control U°® with atoms at {T}} carrying mark-dependent embeddings ¢ops(My,Y:). Actions are mapped to a



piecewise-constant control U*'(t) € R with jumps at {7,}. Each action mark m € M, is represented as an actionable
token with parameters (role, dose, titration, budget). The budget is a scalar /3, > O reflecting shadow price of resource con-
sumption; it conditions the policy surrogate and governs feasibility in counterfactual simulation. These tokens are embedded
via ¢ue(m; B) and deterministically decoded into updates of A;. The history #, is featurized by a log-signature encoder
v (U obs | 0,4, U [O,t]) that produces a path summary invariant to time-warping at fine scales while preserving order.

Mechanism parameterization

The physiology is modeled with a Neural CDE/SDE hybrid [57, 58,159, 160]. Let X; denote a continuously interpolated control
path derived from (U°", U%) via cubic splines for observations and zero-order hold for actions [61}62]. The latent evolves as

AZ, = Fy(Z,) dt + Go(Z,) X, + S (Z,)V? AW,

where )?t is the control path augmented with a time channel and environment-agnostic basis functions. The drift Fjy, the
control Jacobian Gy [63}164], and diffusion 3y are neural networks constrained to ensure linear growth and local Lipschitzness;
spectral normalization and bounded activation schemes guarantee existence and uniqueness of strong solutions. Emissions use
a mark-specific head

N(uém)(ZTk JAT,), diag(ag’(m)(ZTk ,Ar,))) if m is continuous,
Yi | Zr,, Az, My, ~ Cat(w(gm)(ZTk,ATk)) if m is categorical,
ZINB (aém) (Z1,, A1) if m is count-valued with zeros.
For text snippets, a lightweight encoder produces latent sufficient statistics n(gm)(ZTk , Ar, ) that parameterize a masked
language head; notes are never reconstructed verbatim but compressed into clinical concept distributions to respect privacy.

Policy-and-operations surrogate

The joint observation—action policy is modeled as a doubly stochastic marked point process with conditional intensities

MO (t | Hy,Cp) = exp {a;’,ES +u®(T,) 4 ngS(ct)} , A2 | Hy, C) = exp {ag“ +ud(W,) + vf;m(Ct)} ,

where ¥; = W(H,;) summarizes history. The baseline terms « and the functions u(-),v(-) are neural networks whose
parameters ¢ are environment-specific through C, but share global initialization to permit meta-learning across sites. The joint
likelihood for observed marks and times over [0, T is

T
Lyep(d) = > [ > log X (Ty, | Hr,..Cr,) — / AD(t | My, Cr) dt| +
0

mEMops Lk:Mp=m

T
> [ > log)\ZCt(Tﬂ’HT“CU)f/ A;f*(tmt,ct)dt].
0

a€EMy Ll:Tp mark a

This surrogate supplies propensities for policy-aware reweighting and is also used to sample plausible counterfactual obser-
vation schedules under modified constraints Cj.

Variational inference over latent trajectories

Irregular sampling and partially observed emissions necessitate amortized inference [65} 1661 167]. A recognition model g (Zo.1 |
Ho.) is defined as a Neural CDE backward smoother with stochastic bridge corrections. In practice, we use Euler-Maruyama
[68, 169} [70] with Brownian bridge proposals between event times; reparameterization gradients propagate through the SDE
solution via adjoint methods with Hutchinson trace estimators for diffusion derivatives. The evidence lower bound for a single
encounter is

K

logpe(XO:K ‘ AO:T) Z Eqw Zlogge(yk | ZTkaATkka) +10gp9(ZO) + Zlogpe(AZ(tj,l,tj] | th717At) -
k=0 7



KL(qy || po(- | Ao.1)),

where the second sum ranges over a partition aligned to event times. When diffusion is present, the transition log-density
uses an Euler—Maruyama Gaussian approximation with It correction; in the pure CDE case, the latent path is deterministic
given Z; and the control, and the KL collapses to the prior on Zj.

Pretraining objectives

The training criterion blends four terms: policy-aware masked modeling, environmental invariance, counterfactual contrastive
alignment, and explicit point-process likelihood for the observation—action policy. Let 74 denote the fitted surrogate and e the
environment label.

The policy-aware masked modeling term uses inverse probability weights to counteract selection by measurement and
treatment. For an observed event (T, My, Y}, ), define the stabilized weight

A0 cobs 1 L
wp = M Coam o L 7/ (¢ | My, C) dt,
)“J)\I/jlk (T | Hr,Cry,) D (i k)zjw:k_m Ti Jo

and analogously for action-conditioned reconstructions when emissions depend on recent actions. The reconstruction loss
is

g7recon(0a P, ¢) = Eqw

K
Z Wi bpred (Yie Yi (Z1,» A Mk))‘| ;
k=0

with £preq the negative log-likelihood induced by gg. Stabilization avoids variance blow-up while shifting learning toward
under-ordered yet physiologically informative labs.

The environmental invariance term enforces that mechanism learning is insensitive to the environment index. A gradient
alignment penalty inspired by IRM/VREXx is used. Write the environment-specific risk

Re (97 ZZJ) = E(i:ei:e) Eqw

)

Z Cored(Yi, V)
k

and define the squared deviation of per-environment gradients from their mean,

2

T (0,00) =

ec&

VoR.(6,) - ﬁ S VR (60, 1)

2

A complementary representation-level discrepancy is applied to the latent path marginals, using MMD [71} [72] between
{Z;}1e7 sampled across environments conditional on similar clinical contexts, which is implemented by matching on propen-
sity scores and time-aligned windows. The combined invariance penalty is a weighted sum of gradient and distributional terms.

The counterfactual contrastive alignment term instills respect for interventions. For a window [t, ¢ + A] with initial latent Z;
and realized action A ;4 a), a positive counterfactual is generated by fixing the exogenous noise path W[, ;, A} and replacing
the action with fl[tﬂr a) sampled from a feasible alternative set U/(C;), yielding ij A- A representation map hg : R? — R”
defines embeddings ¢ = hg(Zy4a) and { = ho(Z A). Negatives {¢ ; } are drawn from contemporaneous states explained
by workflow coincidences rather than physiology, identified by high policy-propensity but low state-similarity windows across
environments. The InfoNCE objective [[73| 74}, (73] is

log exp (sim(¢, €)/7)
exp (sim (¢, 0)/7) + 32 exp (sim(¢,¢;)/7) |
with cosine similarity sim and temperature 7. Keeping the Brownian path fixed isolates the action’s causal effect in the

learned embedding.
The observation—action policy term is the negative log-likelihood of the marked point processes,

Jet(0,4) = E

jmpp(¢) = _EMPP(¢)7



and couples to the reconstruction via the propensities wy, and to the counterfactual generator via feasible schedule sampling.
The total pretraining loss is

j(&, IZ% ¢) = xjrecon(ev d}v ¢) + /\inv inv(aa 7/}) + )\cf\7cf(05 l/J) + )\mppsjmpp((b)

Alignment via trajectory preferences

Alignment is formulated as preference learning over de-identified trajectory snippets. A snippet s = (to, A, Ct,) induces a
baseline rollout w generated by the recognition posterior and observed actions, and K counterfactual rollouts {w(k)} generated
by replacing the action schedule over [tg,to + A] with {fl(k)} drawn from a feasibility set. Each rollout maps to a reward
functional via a value head V;, that integrates clinically meaningful surrogates:

to+A
Ry(w) = / o (Zy, Ay) dt + Z pglm)(ZTk)l{Mk =m} — Z Ba - cost(a),

to mME Mps A€M

where r;, and pg,m) are learned scalars anchored by soft priors from guidelines, and 3, are the budget weights from actionable
tokens. Clinicians provide pairwise preferences y € {i > j} over subsets of {w,w*)}. Under a Bradley-Terry model with
utilities U, (w) = R, (w), the likelihood is

]P)U(Z - j) = U(Un(w(l)) _ Un(w(J)))’ O'(l’) _ (1 + efar)fl7

and the alignment loss aggregates the log loss with a KL prior toward guideline-derived utilities Uy,

Joret(n,0) = = > [ylog o(AUy;) + (1 — y)log(1 — o(AU;;))] + Aprior E[(Uy — Up)?],
(1,3,9)

where AU;; = U, (w®) — U, (w9)). Crucially, U, is computed from latent states Z;, so gradients flow into the mechanism
fo, 9o, nudging representation toward decision-relevant structure. The full objective augments J by Apret Jpret-

Counterfactual simulation and feasibility

Counterfactuals are produced by intervening on the control channel while holding exogenous noise fixed. Given a seed w that
fixes Wi; 14a) and €[ ¢4 A, @ feasible alternative schedule A must satisfy institutional and physiological constraints. Feasibility
is encoded as a differentiable indicator Xfeas(fl | Ct,Z) € [0,1] computed by a constraint network trained on historical
adherence and explicit rules, including dose bounds, mutual exclusivity, and minimal spacing. Sampling proceeds from a
diffusion model over inter-arrival times in the action space. Let §; = log(7y+1 — 7¢) be log inter-arrivals; a VP-SDE dé =
—1B(s)8 ds++/B(s) dB, on pseudo-time s € [0, 1] with state conditioning through Z; defines a score model s,(8, s | Z;, Ct).
Denoising score matching with conditional NLL upper bounds trains s,. At generation time, a predictor—corrector sampler
proposes {d;}, which are accepted with probability Xfe,s and decoded into A via T'y. This diffusion head is light-weight and
shares embeddings with ¢,.

Do-calibrated evaluation heads

Downstream prediction heads are trained during pretraining to respect interventions. For a task-specific label L observed at
time ¢, the head outputs p,,(L | Z;) and is trained on importance-weighted samples that simulate uniform action policies in a
local neighborhood. Concretely, for each training window we draw m synthetic schedules AU) from a reference policy 7y, roll

out latent states under fixed noise, and augment the minibatch with pairs (Zt(i)A, L) weighted by —%t (AY)
T

RO This procedure

regularizes the head toward causal stability without assuming full identifiability.

Regularization and identifiability aids

To discourage entanglement of physiology with policy, two additional priors are imposed [76, [77,[78]. A sparsity prior on the
control Jacobian G uses group lasso across action channels, encouraging only clinically plausible actions to influence specific
latent coordinates. A slow manifold prior constrains ¥y to be low-rank with a small number of fast coordinates; this reflects the



intuition that many labs evolve on slower time scales than interventions and reduces overfitting to observation cadence. Both
are implemented as penalties on the Frobenius norm of G groups and the nuclear norm of 3.

Optimization

Training alternates between updating the recognition—mechanism parameters (¢, 6), the policy surrogate ¢, the diffusion head
¢, and the preference head 1. Within each minibatch, latent paths are sampled from g, the reconstruction and counterfac-
tual terms are evaluated with shared noise seeds, and the MPP log-likelihood is computed via thinning-based Monte Carlo
estimates for the integral terms [79} [80]. Gradient estimates use pathwise reparameterization for continuous emissions and
Gumbel-Softmax relaxations for discrete marks. The invariance gradient penalty is computed with stop-gradient copies to
avoid trivial collapse. All objectives are balanced by scalar multipliers that are tuned by a meta-objective: minimize the vari-
ance of task-head performance across environments on a held-out validation slice, which operationalizes transferability.

Federated and privacy-preserving training

When training across institutions, each site e optimizes a local objective 7(¢) defined on its data with its environment label,
and participates in secure aggregation. Mechanism parameters ¢ and shared encoders are averaged via FedAdam [? [81] [82];
policy parameters ¢ remain largely site-specific but share a meta-initialization optimized by Reptile to accelerate adaptation.
Gaussian noise calibrated for Rényi differential privacy is added to per-site gradient clips for 6,1, n; emissions heads for
sensitive modalities like notes use output perturbation. Preference gradients derived from clinicians never leave the site; only
sufficient statistics of the Bradley—Terry likelihood are securely aggregated when institutions opt in. To prevent homogenization,
environment adapters A, with small capacity (for example FiLM layers) remain local and are not aggregated; the invariance
penalty explicitly excludes adapter parameters.

Evaluation-time counterfactuals and what-if queries

Given a learned model, answering E[Y;; A | do(A}; ¢4a) = A)] proceeds by drawing Z; from the recognition posterior, fixing
a noise seed, applying A through Iy, integrating the SDE, and decoding via gg. Uncertainty decomposes into epistemic and
aleatoric parts: epistemic from parameter and latent uncertainty, approximated by Monte Carlo over g, and ensembles of 6;
aleatoric from diffusion >y and emission noise. Credible intervals are reported conditional on feasibility xf.s = 1. For policy
evaluation under constraints, a rollout with the learned value head V;, ranks feasible alternatives, while importance weights
derived from 74 correct for remaining covariate shift.

Implementation details and hyperparameters

Time is measured in hours and rescaled to unit variance per service line. The latent dimension d is selected by maximizing the
variational ELBO subject to an AIC-style penalty on ¥¢’s rank. Log-signature depth for ¥ is set to 3 by default to balance sta-
bility and capacity. Intensities A share a transformer-style history encoder over ¥, with causal masking; integrals are estimated
with randomized Riemann sums that share quadrature nodes across marks to reduce variance. The diffusion head uses a cosine
noise schedule 3(s) with 32 denoising steps during training and 8 at generation. Stabilized weights wy, are clipped to the 99th
percentile per mark. The invariance multiplier A, is annealed from O to its target value over the first third of training to avoid
early over-constraint. All models are trained with mixed precision and gradient norm clipping to 1.0 for numerical stability in
adjoint SDE backpropagation.

4. RESULTS AND DISCUSSION

4.1. Results

The empirical evaluation stresses transfer across institutions and epochs, respect for interventions in representation learning,
and explicit modeling of the observation policy. Models are trained on a multi-site EHR corpus with environment labels defined
by hospital, service line, and time epoch. Primary outcomes include in-hospital mortality within 48 h, AKI onset within 24
h, and ICU transfer within 12 h [83]]. Secondary outcomes include length-of-stay buckets and decompensation within 6 h.
Counterfactual evaluation uses clinician-defined feasible action sets for vasopressor titration, fluid bolus administration, and



IID Validation OOD Test (Held-out Hospital)

Model AUROC AUPRC Brier ECE AUROC AUPRC Brier ECE

Event-Transformer 0.872,(.865,.879)  0.401,(.388,.413)  0.121,(.118,.124)  0.047,(.043,.051)  0.804,(.796,.812)  0.324,(.311,.338)  0.148,(.145,.152) ~ 0.091,(.085,.097)
GRU-D 0.861,(.854,.869)  0.386,(.372,.398)  0.127,(.124,.131)  0.058,(.054,.062) 0.789,(.780,.797)  0.307,(.294,.320)  0.154,(.150,.158)  0.106,(.100,.112)
Neural CDE (no policy) 0.879,(.872,.886)  0.415,(.401,.429)  0.118,(.115,.121)  0.043,(.039,.047)  0.823,(.815,.831) 0.345,(.331,.358)  0.143,(.139,.146)  0.082,(.077,.087)
Masked LM (code-value—time) ~ 0.847,(.839,.855)  0.362,(.349,.375) 0.133,(.130,.136)  0.064,(.060,.068) 0.775,(.767,.784) 0.291,(.278,.304)  0.160,(.156,.164)  0.118,(.112,.125)
CLIO 0.905,(.899,.911)  0.462,(.447,.476)  0.108,(.105,.111)  0.031,(.028,.034)  0.861,(.854,.868) 0.402,(.388,.417) 0.129,(.126,.132)  0.054,(.049,.059)

Table 1. Aggregate predictive performance across primary outcomes. Means with 95% CIs. OOD holds out an entire hospital
with different test-ordering policies.

CF-C 1 Policy Regret | VPEHE | Uplift AUC 1 NLL (CF) | ECE (CF) |
Event-Transformer 0.612,(.598,.626)  0.143,(.137,.149)  0.189,(.182,.197)  0.571,(.557,.585) 0.934,(.918,.950) 0.087,(.082,.092)
Neural CDE (no policy)  0.648,(.634,.662) 0.129,(.123,.135)  0.175,(.168,.182)  0.596,(.582,.610) 0.902,(.887,.918) 0.075,(.070,.080)
CLIO 0.711,(.699,.724)  0.101,(.096,.106)  0.153,(.147,.160)  0.633,(.620,.647) 0.861,(.846,.876)  0.059,(.054,.064)

Table 2. Counterfactual evaluation across feasible action sets for fluids, vasopressors, and early antibiotics. CF-C measures
concordance between predicted rankings and realized outcomes across matched cohorts. Regret is normalized to [0,1] against
clinician-preferred actions.

antibiotic initiation. All metrics are reported as mean + 95% bootstrap CI across encounters and sites; out-of-domain (OOD)
evaluations hold out entire hospitals or epochs.

The model is compared against a transformer over event tokens with time-deltas, a neural CDE without policy modeling, a
GRU-D variant with missingness indicators, and a masked language model over code—value—time tuples. CLIO variants isolate
the contribution of policy-aware masking, invariance penalties, counterfactual contrastive alignment, and the diffusion head for
feasible action schedules.

The aggregate predictive performance shows consistent gains in both IID and OOD settings. Improvements in AUROC
translate into lower Brier scores and substantially improved calibration under shift. Gains are largest when the test distribution
alters test-ordering policies or treatment templates, suggesting that explicit modeling of the observation and action processes
prevents the conflation of workflow with physiology.

AUROC 1, AUPRC 4, Brier |, ECE (20-bin) |

Cross-site generalization benefits from decomposing physiology from policy. The largest deltas appear in services with
aggressive panel ordering, where counterfactual contrastive alignment discourages learning shortcuts keyed on co-ordered labs.
When holding out an epoch after a formulary change that substitutes one vasopressor for another, CLIO’s AUROC drops by
0.021 absolute compared to 0.067 for the event-transformer, consistent with environment-wise invariance of the latent dynamics.

Counterfactual reasoning is assessed by a concordance metric over matched windows in which clinician actions vary due
to resource constraints. A counterfactual concordance index (CF-C) compares the ranking of feasible alternatives according to
predicted outcomes against realized outcomes under observed interventions across matched cohorts. Estimation of individual
treatment effects is quantified by /epeng using semi-synthetic labels derived from stylized pharmacodynamic simulations an-
chored to the learned latent. Lower policy regret at decision time confirms that preference-aligned value functionals internalize
clinical trade-offs beyond raw risk.

Calibration remains stable under shifts that primarily affect testing frequency. Expected calibration error increases only
modestly for CLIO, whereas baselines miscalibrate sharply when order frequencies differ. Reliability diagrams stratified by
environment show that inverse-propensity reweighting during masked modeling and explicit observation-process likelihood
jointly prevent overconfidence in under-ordered regions of the feature space. These effects translate into fewer low-confidence
abstentions at decision time while keeping selective risk bounded.

The observation-policy surrogate achieves high marked point-process likelihoods and captures site-specific rhythms with-
out leaking them into the physiology. Time-rescaled residual analyses for inter-arrival distributions are uniform and Kol-
mogorov—Smirnov distances are minimal. Crucially, when the surrogate is used to sample alternative observation schedules,
reconstruction error remains small and unbiased, indicating that the model internalizes missingness-not-at-random as informa-
tive rather than as noise.

Ablations confirm that each component materially contributes to transfer and counterfactual fidelity. Removing policy-
aware masking reduces OOD AUPRC by 0.041 absolute and degrades calibration most in services with sparse lab ordering.



Model MPP NLL | Time-Rescale KS | Mark F1 1 Recon. RMSE | Bias @ Low-Order | Var. @ Low-Order |

GRU-D 1.742,(1.721,1.763) ~ 0.118,(.110,.125)  0.41,(.39,.43)  0.327,(.319,.335) 0.087,(.081,.093) 0.142,(.136,.149)
Neural CDE (no policy) 1.611,(1.592,1.630)  0.094,(.088,.100)  0.47,(.45,.49) 0.301,(.294,.308) 0.072,(.067,.077) 0.131,(.126,.137)
CLIO 1.438,(1.420,1.456)  0.061,(.056,.066)  0.58,(.56,.60) 0.269,(.262,.275) 0.043,(.039,.047) 0.112,(.107,.117)

Table 3. Observation-policy modeling and its downstream effect on reconstruction under sampled schedules. Bias and variance
are computed in strata with the lowest tercile of order propensities.

Variant AUROC (OOD) AUPRC (OOD) Brier (OOD) ECE (OOD) CF-C Regret Invalid Seq. % Risk Var.
CLIO 0.861 0.402 0.129 0.054 0.711 0.101 1.8 0.006
— policy-aware masking 0.836 0.361 0.141 0.077 0.684 0.113 1.9 0.009
— invariance penalty 0.829 0.354 0.144 0.083 0.679 0.116 1.9 0.014
— cf-contrastive 0.842 0.368 0.139 0.069 0.652 0.128 1.8 0.010
— diffusion head 0.850 0.379 0.135 0.061 0.667 0.121 6.7 0.007
ODE instead of SDE 0.847 0.372 0.137 0.064 0.671 0.119 1.8 0.008
No sparsity on Gy 0.852 0.381 0.134 0.060 0.689 0.110 1.9 0.008

Table 4. Ablation study on the held-out hospital. Invalid sequences violate dose or spacing constraints. Risk Var. is the variance
of per-environment task risk on validation.

Dropping the invariance penalty increases the variance of per-environment risk gradients and inflates inter-environment perfor-
mance dispersion. Excluding the counterfactual contrastive term harms CF-concordance and raises policy regret, evidencing
that pushing embeddings to respect intervention effects is essential. Eliminating the diffusion head for feasible action schedules
reduces CF metrics and increases invalid sequence rates, underscoring the benefit of explicit feasibility modeling.

Preference alignment yields consistent reductions in policy regret and improves the correlation between learned utilities
and clinician choices. Pairwise preference accuracy exceeds 0.78 across services after 1-2 rounds of feedback, and the value
functional meaningfully reorders ties among clinically comparable action sequences. Importantly, improvements persist in
OOD environments, supporting the claim that preferences are distilled into the latent representation rather than overfitting to
local workflows.

Stability and safety analyses indicate improved selective prediction and monotonic response to titratable agents. Selective
risk under abstention at 30% coverage drops from 0.118 for the event-transformer to 0.094 for CLIO in the OOD hospital.
Dose-response monotonicity measured by isotonic regression residuals shows a smaller violation area for vasopressor mean
arterial pressure targets, reflecting that the latent state is more aligned with mechanistic response.

Federated training introduces manageable overhead. With three institutions, secure aggregation extends wall-clock per
epoch by 9-12% depending on network conditions, while Rényi-DP noise calibrated for € € [4, 6] reduces IID AUROC by
0.004-0.009 and OOD AUROC by 0.006-0.012. Environment adapters prevent homogenization, and the invariance term con-
tinues to reduce per-environment gradient dispersion even when local adapters are present, suggesting complementary roles.

Robustness to missingness manipulations is strong. When randomly dropping 40% of orders in the validation distribution,
AUROC degrades by 0.006 for CLIO compared to 0.028 for the event-transformer. When censoring orders according to a biased
policy that removes low-yield tests in the bottom risk decile, calibration for CLIO remains stable whereas baselines become
under-confident in high-risk strata, which is consistent with policy-aware reweighting during pretraining.

Fairness and subgroup performance are monitored across age, sex, and comorbidity burden. Absolute gaps in AUPRC under
OOD shift remain under 0.022 for CLIO, compared to 0.047-0.063 for baselines, with the largest improvements observed in
high-comorbidity cohorts where observation cadences are most irregular. These reductions coincide with lower variance of the
observation surrogate’s residuals across strata, indicating that treating missingness as signal has equitable benefits.

Sensitivity analyses on hyperparameters find that the invariance multiplier exhibits a broad plateau; values in the range [0.5,
1.5] produce near-identical OOD performance, while setting it to zero consistently raises per-environment risk dispersion. The
temperature in counterfactual contrastive training shows a sweet spot near 0.1; higher temperatures admit more hard negatives
but slightly destabilize training, whereas lower temperatures reduce gradient signal. Clipping stabilized importance weights at
the 99th percentile is essential; removing clipping increases variance and harms both calibration and AUROC.

Altogether, these results indicate that a representation built to be policy-aware and mechanism-seeking yields more transfer-
able predictions, more faithful counterfactuals, and better-calibrated risk under real-world operational shifts. The observation-
process surrogate acts as a lens that renders missingness informative, the invariance penalty suppresses environment-specific



Alignment Setting Pref. Acc. ¥ Kendall 71 Regret] AUROC (OOD)1 CF-Ct ECE (OOD)|

No alignment 0.50 0.00 0.132 0.846 0.668 0.070
Guideline priors only 0.64 0.21 0.119 0.853 0.689 0.063
Preferences + priors (CLIO) 0.78 0.43 0.101 0.861 0.711 0.054

Table 5. Effect of preference alignment on decision quality and generalization. Kendall 7 computed between model utilities
and clinician choices over feasible sets.

Setting Comm. / epoch (GB) Time / epoch (min) AUROC (1ID) AUROC (OOD)
Centralized, no DP 3.6,(3.5,3.7) 41,(39,43) 0.908,(.903,.913) 0.864,(.858,.871)
Federated, no DP 5.1,(4.9,5.3) 45,(43.48) 0.905,(.900,.911)  0.861,(.854,.868)
Federated, DP e=6 5.2,(5.0,5.4) 46,(44.,49) 0.900,(.894,.906) 0.856,(.849,.863)
Federated, DP e=4 5.2,5.1,5.4) 47,(45,50) 0.896,(.889,.902) 0.852,(.845,.859)

Table 6. Federated training overhead and differential privacy trade-offs. Means with 95% Cls across three sites.

shortcuts, and counterfactual contrastive alignment shapes the latent space around intervention effects. The combined effect is
particularly pronounced in settings where workflow evolves faster than biology, which is precisely the regime where conven-
tional EHR models struggle most.

4.2. Discussion

This work reframes EHR pretraining as learning a mechanism and a policy in tandem, rather than treating the record
as an incidental sequence to autocomplete. The central contribution is a policy-aware, mechanism-seeking foundation
model—CLIO—that separates physiology from workflow and then recouples them in a way that supports prediction, sim-
ulation, and decision support. The key design choice is to model patient state as a controlled continuous-time process and
to treat both observations and interventions as outputs of a marked point process driven by clinician belief and institutional
constraints. By assigning this process its own likelihood and using its intensities as propensities, reconstruction is trained
against a counterfactual baseline rather than the idiosyncrasies of local ordering habits, and missingness becomes informative
rather than a nuisance.

A second contribution is to bake counterfactual reasoning into pretraining rather than bolt it on downstream. Fixing exoge-
nous noise while intervening on the control channel yields paired rollouts that isolate the effect of actions; an explicit contrastive
objective then pushes the representation to preserve these effects while discounting correlations induced by co-ordering or tem-
plated care. Because feasible schedules are sampled by a lightweight diffusion model over action inter-arrival times and filtered
through differentiable constraints, counterfactuals respect dose bounds, spacing, and mutual exclusivity. This coupling of a
simulator-backed latent dynamics with feasibility-aware action generation stands in sharp contrast to token-only approaches
that hallucinate clinically impossible sequences and thus degrade when asked “what if.”

The third contribution is environmental invariance at the level where it matters. Instead of matching raw feature distributions
or relying on domain-adversarial tricks that often erase clinical signal, CLIO penalizes cross-environment variation in the
gradients that train the latent dynamics and aligns path marginals only after conditioning on comparable context. This choice
operationalizes the claim that biology should be stable while policies are free to vary. The empirical signature—improved
OOD discrimination and calibration precisely when test-ordering policies or formularies change—supports the premise that
mechanism and policy were successfully disentangled for transfer.

Alignment is elevated from an afterthought to a training signal that shapes the latent space toward clinical utility. Rather
than collecting free-form textual preferences, we ask clinicians to compare short, de-identified trajectory rollouts generated
by the model’s own simulator. A simple Bradley—Terry head turns those pairwise preferences, softened by guideline priors
and resource costs, into a value functional V' (Z;, a) that backpropagates to the mechanism. The effect is to resolve ties among
action sequences that are risk-equivalent but preference-distinct, and to reduce policy regret under feasible alternatives. Because
preference gradients stay on-prem and only sufficient statistics are aggregated, alignment integrates naturally with the federated
scheme.

The final system-level contribution is a training and deployment recipe that acknowledges privacy and heterogeneity as
first-class constraints. Mechanism parameters are aggregated with DP noise; site-specific adapters and policy surrogates remain
local; and the invariance penalty explicitly excludes adapter parameters to avoid homogenizing environments that supply the



very diversity needed to learn invariants. The result is a model that can be trained across institutions without erasing what makes
them different, while still producing a physiology-centered latent that travels.

There are limits to what can be identified from observational logs, even with a faithful policy surrogate. CLIO does not claim
full causal identification of treatment effects; rather, it targets counterfactually stable representations and decision-support heads
that are less sensitive to policy-induced shift. The diffusion-based action generator, while fast and constraint-aware, inherits
any misspecification in the feasibility network; robust optimization and stronger mechanistic priors over pharmacodynamics are
natural extensions. Preference learning remains sample-limited and subject to inter-annotator variability; active query selection
and calibration of the value head to long-term outcomes are promising next steps. Finally, continuous-time training with SDE
adjoints is computationally heavy; low-rank diffusion and control-sparse Jacobians partly mitigate this, but practical deployment
will benefit from distilled surrogates for real-time use.

Taken together, the contributions amount to a shift in what “foundation” means for EHR. By endowing the model with an
explicit observation policy, a counterfactual training signal that respects interventions and feasibility, an invariance criterion that
protects physiology from workflow, and a preference layer that encodes clinical trade-offs, CLIO offers a substrate that is not
just better at next-event prediction, but better aligned with the questions clinicians and health systems actually ask. The gains
in transfer, calibration under policy change, and fidelity of what-if rollouts suggest that treating the EHR as the execution trace
of a controlled system is not merely a philosophical stance; it is a practical route to representations that remain useful when the
world outside the training set moves.
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A. APPENDIX

A.1. Summary of symbols

Patient state is Z;; actions are A; updated by I'y; observation and action processes have intensities )\Obs, ¥t emissions follow
ge; physiology is controlled by fg, Gy, Xg; recognition is gy ; policy surrogate parameters are ¢; diffusion head parameters
are ¢; preference parameters are 7; constraints and environment are C;, e. Loss components are Jrecon, Jinv, Jefs Jmpps Jprefs
combined into J.

The net effect of these choices is a pretraining regime that pushes the model to separate physiology from policy, to treat
missingness as signal rather than nuisance, and to make counterfactual effects salient in the representation. The mathematics of
the objective ensures that improvements in likelihood are not purchased by overfitting to observation habits, and the alignment
layer provides a gradient target that is explicitly about clinical utility under constraints rather than generic next-event prediction.
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